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ABBREVIATIONS
AIC Akaike Information Criterion
AR(1) First-order autocorrelation (lag = 1)
BAL Basal area of larger trees
BALS Relative basal area of larger trees
CDI Cross Date Index
DS Relative tree breast height diameter
EJ Survival probability
EK Etelä-Karjala (South Karelia)
EMHI Estonian Meteorological and Hydrological Institute
ENFRP Estonian Network of Forest Research Plots
EP Etelä-Pohjanmaa (Southern Ostrobothnia)
EXP Negative exponent curve method
FMI Finnish Meteorological Institute
Glk Gleichläufigkeit (%)
H Tree height (m)
H1 Height of the 1st storey (m)
HEG5 Competition index in 5 m radius by Hegyi
HEGH Competition index in 0.4H1 radius by Hegyi
HI Hiiumaa
HNLS Tree height (calculated) (m)
HNLSS Relative tree height (calculated)
HS Relative tree height
HV Height to crown base (m)
INKA Permanent inventory growth plots 
KUDS Relative tree diameter for spruce
MOTTI A stand-level analysis tool and decision support system for 
forest management
MS Mean sensitivity (%)
NE North-East Estonia
NFI National Forest Inventory
OP Oulun Pohjanmaa (Northern Ostrobothnia)
p_8 … p_12 Previous year monthly sum of precipitation from August 
to December (mm)
p_8p1,p2,p3…p8p1,p2,p3 Ten day monthly precipitation sum from 
previous to current year August; from dates 1-10 as period 1 
(p1), 11-20 as period 2 (p2), 21-31 as period 3 (p3) (mm)
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p_8w1,w2…p8w1,w2 Half-monthly precipitation sum from previous 
to current year August; from dates 1-15 as week 1 (w1) and 
16-31 as  week 2 (w2) (mm)
p1 … p8 Current year monthly sum of precipitation from January to 
August (mm)
PK Pohjois-Karjala (North Karelia)
Pn0 Drought period, number of days without precipitation
Pn10 Length of high precipitation period
Ps10 Annual precipitation sum, while precipitation ≥10 mm
Psum Annual precipitation sum (mm)
Psveg Precipitation sum of vegetation period (from May to August) 
(mm)
RGC Regional Growth Curve method
RML Restricted Maximum Likelihood method
RPL Restricted Pseudo-Likelihood method
SO Sodankylä (Lapland)
Std Standard deviation
t_8 … t_12 Previous year monthly mean temperatures from August to 
December (°C)
t_8p1,p2,p3…t8p1,p2,p3 Ten day monthly mean temperature from 
previous to current year August; from dates 1-10 as period 1 
(p1), 11-20 as period 2 (p2), 21-31 as period 3 (p3) (°C)
t_8w1,w2…t8w1,w2 Half-monthly mean temperature from previous 
to current year August; from dates 1-15 as week 1 (w1) and 
16-31 as week 2 (w2) (°C)
t1 … t8 Current year monthly mean temperatures from January to 
August (°C)
TBP T-value with Baillie-Pilcher Standardization
TC Tendency changes
Tm Mean annual temperature (°C)
Tm5 Mean temperature of vegetation period, while temperature 
≥+5 °C
Tm5a Mean temperature of I part of vegetation period (May-June), 
while temperature ≥+5 °C
Tm5b Mean temperature of II part of vegetation period (July-
August), while temperature ≥+5 °C
Tmveg Mean temperature of vegetation period (from May to 
August) (°C)
Tn_5 … Tn_20 Length of frost period, while temperature ≤ -5 °C; 
-10 °C; -20 °C
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Tn0 Length of frost period, while temperature <0 °C
Tn5 Length of vegetation period, while temperature ≥+5 °C
Tn5a Length of I part of vegetation period (May-June), while tem-
perature ≥+5 °C
Tn5b Length of II part of vegetation period (July-August), while 
temperature ≥+5 °C
Ts_5 … Ts_20 Temperature sum, while temperature ≤ -5 °C; -10 °C;  
-20 °C
Ts0 Temperature sum, while temperature <0 °C
Ts5 … Ts25 Temperature sum, while temperature ≥ +5 °C; +20 °C; 
+25 °C
Ts5a Temperature sum I part of vegetation period (May-June), 
while temperature ≥+5 °C
Ts5b Temperature sum II part of vegetation period (July-August), 
while temperature ≥+5 °C
Tsum Annual temperature sum (threshold value 0 °C)
Tsveg Temperature sum of vegetation period (from May to August) 
(°C)




Up-to-date information on tree and stand growth is highly relevant for 
ecological, economic and social aspects of forest management (Spiecker, 
2002). Simulation systems using single-tree models are considered to be 
adequate instruments to enhance forest management planning as well 
as strategic long-term planning in forestry (Teuffel et al., 2006). A typi-
cal simulation system consists of e.g. tree level models for diameter and 
height increment and a model to predict the probability of natural mor-
tality for each tree over a given time period. Also the comprehensive 
application of the system in practical forestry requires the possibility of 
assessing silvicultural treatments (e.g. regeneration and thinning) as an 
important part of stand development (Hynynen et al., 2002; Teuffel et 
al., 2006).
For elaborating tree growth models, repeated measurements from perma-
nent plots with marked trees are a good data source (Hasenauer, 2006). 
Permanent sample plots provide accurate estimates of the size and condi-
tion of trees at fixed time intervals, but they are not well suited for the 
study of inter-annual variability of forest growth or stand dynamics if 
the temporal resolution is coarse. To overcome those weaknesses of per-
manent sample plots data, increment cores can be used. Tree-ring widths 
measured on increment cores or stem analysis can be resolved annually 
and can provide detailed time series of the diameter growth of survivor 
trees in the past which links permanent sample plot re-measurement data 
with climate data (Metsaranta and Lieffers, 2009). In models for tree 
growth, the predicted variable is growth during a fixed time period. How-
ever, the time interval between re-measurements is not always exactly 
fixed, because some of the stands were re-measured during growing sea-
son. In those cases, the correction index can be used in the data for the 
models of radial growth development. Growth indices can be applied in 
the model calibration and in model development (e.g. Hynynen et al., 
2002; Tchebakova and Parfenova, 2003) in order to take into account 
the time-dependent growth variation, such as climatic growth variation. 
However, diameter growth simultaneously depends on tree character-
istics (e.g. age, size, competition status), microenvironment (e.g. light 
and nutrient availability) and species (Nabeshima et al., 2010). The rela-
tionships between tree diameter and weather have been well investigated 
using dendrochronology (Cook and Kairiukstis, 1990; Briffa et al., 2008; 
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Cortini et al., 2011). The radial growth of trees responding to climate 
has been extensively studied for climate sensitive species in many coun-
tries (e.g. Elfving and Tegnhammar, 1996; Colbert et al., 2003; Tcheba-
kova and Parfenova, 2003; Laubhann et al., 2009; Solberg et al., 2009; 
Nabeshima et al., 2010; Cortini et al., 2011).
A wide array of growth and yield models, ranging from stand-level mod-
els to individual tree models, has been developed by forest scientists. 
Growth and yield research has been relatively active in Northern Europe, 
where numerous models have been developed during the last decades 
(e.g. Söderberg, 1986; Hynynen et al., 2002; Andreassen and Tomter, 
2003). Thousands of sample plots have been established by different 
researchers in Estonian forests since the beginning of the 20th century, 
but few of them have remained nowadays (Kangur, 2009; Sims, 2009). 
In most of those plots trees are not marked for repeated measurements, 
which is the main drawback to why they are not suitable for single tree 
growth modelling. In 1995, the Network of Forest Research Plots, cov-
ering the whole of Estonia and designed similar to INKA plot system 
of the Finnish Research Institute (Gustavsen et al., 1988), was started. 
The Estonian Network of Forest Research Plots is the most representa-
tive material available for individual tree based stand growth modelling 
purposes in Estonia. 
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2. REVIEW OF THE LITERATURE
2.1. Forest growth modelling
2.1.1. Different approaches to forest growth modelling
Forest growth is a biological process, which applies to the organism in 
its entirety, including all tree components (stem, branch, roots, foliage). 
Increment expresses the observed growth of the organism during a given 
period of time and normally applies to the tree and stand variables diam-
eter, basal area, height, volume, and biomass (Laar and Akça, 2007). 
Growth modelling is an essential prerequisite for evaluating the conse-
quences of a particular management action for the future development 
of a forest ecosystem (Hasenauer, 2006). 
There are different methods for growth modelling (Figure 1), and the 
level of which forest stands can be modeled is often dictated by the data 
available (Burkhart, 2003). Traditionally, forest growth and yield models 
have been broadly classified as stand-level and tree-level models. A stand 
growth model is an abstraction of the natural dynamics of a forest stand, 
and may encompass growth, mortality, and other changes in stand com-
position and structure (Vanclay, 1994). Single tree-level models can be 



























useful as research tools to study practices affecting tree special relation-
ships in ways that stand-level variables cannot describe satisfactorily 
(Garcia, 1988). Process-based eco-physiological models or also known as 
mechanistic models, or process models, or biogeochemical models, are 
developed to model key growth process(es) and fundamental causes of 
productivity such as: photosynthesis and respiration, carbon allocation, 
nutrient cycles and climate effects (Sands et al., 2000). Hybrid models 
are developed from complementary merging of well understood processes 
and reliable tree and stand empiricism aiming to have a process model 
for the manager in which the shortcomings of both approaches can be 
overcome to some extent. The improvement of both process-based and 
empirical models will lead to better hybrid models (Mäkelä et al., 2000; 
Peng et al., 2002; Robinson and Ek, 2003).
Development of forest growth and yield stand-level models, diameter 
distribution models and individual tree models is a response to the chang-
ing management objectives in forestry (Pretzsch et al., 2002a). During 
last decades, scientists have developed more and more growth simula-
tors based on tree-level growth and mortality equations (Hasenauer et 
al., 2006; Pretzsch, 2009). Models of this type are considerably flexible 
and with better implementation possibilities than stand-level models. 
Predictions about the development of forest are usually obtained with a 
simulation system which consists of growth, mortality and regeneration 
models. It is possible to combine elements of stand-level, tree-level and 
distribution models, and to use all of them in the same simulator. This is 
even needed to guarantee the compatibility of growth predictions made 
by different model types (Pretzsch et al., 2002b). 
In Estonia, several stand growth and yield tables and equation systems 
based on subjectively located temporary plot data or regular forest inven-
tory data have been developed (Krigul, 1969; Tappo, 1982). Currently, 
the algebraic difference equations (Kiviste, 1997) parameterized on state 
forest inventory database is mostly used for predicting stand height, 
diameter and volume growth in Estonian forestry practice. Kiviste’s 
(1997) model, like other Estonian stand growth models, does not allow 
consider the effect of alternative forest management activities in stand 
growth predictions.
A good prototype for Estonian forest growth and yield modelling could 
be the MOTTI system developed by the Finnish Forest Research Insti-
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tute (Hynynen et al., 2002). The MOTTI model is based on individual 
tree growth equations and comprises sub-models for forest regeneration, 
growth and mortality and it is extensively used for forest management 
planning in Finland (Hynynen et al., 2005). The growth and yield mod-
els in the MOTTI system are reliable only in Finland or similar condi-
tions, but basically after the construction of a new set of models or by 
calibrating the current ones, the system could also be applicable elsewhere 
(Salminen et al., 2005). Aiaots (2003) compared the MOTTI predictions 
to the algebraic difference equation (Kiviste, 1997) predictions on 43 
permanent sample plot growth data for the period of 1988-1998. The 
results showed a slight difference in stand height and diameter growth but 
there was great uncertainty between the models in mortality rate. 
2.1.2. Modelling tree mortality
Tree mortality is a key factor influencing forest dynamics, and estimating 
tree survival therefore requires special attention (Yang et al., 2003). Mor-
tality is extremely variable and difficult to predict (Lee, 1971), perhaps 
because the focus is on modelling the occurrence of rare events (Flewel-
ling and Monserud, 2002). Mortality involves both long-term predispos-
ing factors and immediate or inciting factors that are largely stochastic. 
Mortality might appear less stochastic if relevant environmental variables 
were measured on permanent plots and if the genetic status of the trees 
could be characterized (Monserud and Sterba, 1999). Simple models 
with mortality depending on biomass growth rate do not seem to work 
very well (Mäkelä and Hari, 1986). Therefore, a semi-empirical model 
with crowding leading to mortality which is a function of diameter and 
diameter growth has subsequently been used (Sievänen, 1993; Mäkelä, 
2003). 
A number of functions have been used to estimate tree survival, including 
the Linear (Moser, 1972; Leak and Graber, 1976; West, 1981), Weibull 
(Somers et al., 1980; Kouba, 1989), Gamma distribution (Kobe and 
Coates, 1997), Exponential (Moser, 1972), Richards (Buford and Hafley, 
1985), and Gompertz function (Kofman and Kuzmichev, 1980). The 
Logistic function has been used mostly for estimating individual tree 
survival (e.g. Hamilton and Edwards, 1976; Monserud, 1976; Buchman, 
1979; Hamilton, 1986; Vanclay, 1991; Vanclay, 1995; Dursky, 1997; 
Murphy and Graney, 1998; Albert, 1999; Monserud and Sterba, 1999; 
Eid and Tuhus, 2001; Yao et al., 2001; Hynynen et al., 2002; Soares and 
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Tomé 2003; Yang et al., 2003; Diéguez-Aranda et al., 2005). The major-
ity of the more recent survival models have been concentrating on the 
individual tree level (Mabvurira and Miina, 2002). One reason is that the 
single tree level seems to allow more specific estimates in uneven-aged, 
species-rich forests. In tree survival studies (Hynynen et al., 2002; Ale-
nius et al., 2003) multilevel logistic regression models for hierarchically 
structured data are becoming more common.
Until recently, research covering tree survival in Estonia has not been very 
extensive. Noteworthy is the model for estimating mortality on the stand 
level by Jõgiste (1997) and the research by Nilson (1973; 2006) about the 
relation between the number of trees and mean stand diameter. Models 
for estimating individual tree survival are still lacking in Estonia. Only 
recently it has been possible to use the data from the ENFRP, which cov-
ers the whole of Estonia. 
2.1.3. Outlier analysis
Outlier detection methods have become a prevalent and essential topic in 
many fields of science. Many statisticians (Canavan, 2002; Militino et al., 
2006; Buzzi-Ferraris and Manenti, 2010; Sisman, 2010) recommend that 
data be routinely inspected for outliers, because they can provide useful 
information about the data. The probable reliability of an observation 
is reflected by its relationships to other observations that were obtained 
under similar conditions. Observations that, in the opinion of the inves-
tigator, stand apart from the bulk of the data have been called ‘outliers’, 
‘discordant observations’, ‘rogue values’, ‘contaminants’, ‘surprising val-
ues’, ‘mavericks’, ‘dirty data’, and ‘measurement errors’, to mention only 
a few of the terms that have been coined over the years (Beckman and 
Cook, 1983). In literature, the term ‘outlier’ is defined generally as an 
observation that is numerically distant from the rest of the data (Barnett 
and Lewis, 1996; Cohen et al., 2003; Ganza, 2010). DeMaris (2004) 
defines an outlier as a case that is far from the regression trend exhibited 
by the other data points, and according to Weisberg (2005), outliers 
are cases that do not follow the same model as the rest of the data. The 
inspection of measurement data for outliers is necessary because it pro-
vides information about the causes and consequences of measurement 
errors. Generally, measurement error arises when there is a difference 
between an observed or estimated value for an attribute and the actual, 
or population, value for the attribute (Canavan and Hann, 2004). Meas-
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urement error is a component of any study involving the use of actual 
measurements, but is often not recognized or is ignored (Canavan, 2002). 
Considerable work has been done outside forestry on the consequences 
of measurement error (Fuller, 1987; Carroll et al., 1995; Canavan and 
Hann, 2004). As Kangas (1998) cited, depending on the relationships 
between the measured and true value of a variable and the other variables 
in a model, it may be the case that the real effects of measurement error 
are hidden, or observed data display relationships that are not presented 
in the true data, or the signs of the estimated coefficients are changed 
(Canavan and Hann, 2004). The consequences of measurement error in 
forestry data have also been examined and are summarized in Canavan 
(2002). 
The objective of denoting outliers is to identify observations that are 
inappropriate representations of the population from which the sam-
ple is drawn, so that they may be discounted or even eliminated from 
the analysis as unrepresentative (Hair et al., 1998). Generally, outliers 
may be represented in the data, because of measurement errors, lurk-
ing variables, miscoding, misinterpretations, entered incorrectly, could 
have another process operating, relationship is non-linear, etc. However, 
methods for identifying outliers need to be used carefully, as it is quite 
easy to confuse discordant random observations and outliers (Iglewicz 
and Hoaglin, 1993; Carroll et al., 1995). The identification of outliers is 
often thought of as a means to eliminate observations from a data set to 
avoid disturbance or further analysis. However, outliers may as well be 
interesting observations in themselves, because they can give us insight 
into certain structures in the data or into special events during the sample 
period (Becker, 2000). 
There are various approaches to outlier detection depending on the appli-
cation and number of observations in the data set (Walfish, 2006). For 
example, the distribution of errors can be used to evaluate and possibly 
correct the effects of outliers (Sachs, 1982; Iglewicz and Hoaglin, 1993; 
Barnett and Lewis, 1996; Canavan and Hann, 2004). The general idea 
of quantifying the influence of one or more observations relies on com-
puting parameter estimates based on all data points, removing the cases 
in question from the data, refitting the model, and computing statistics 
based on the change between full-data and reduced-data estimation (SAS 
Institute Inc, 2004). Influence statistics can be coarsely grouped by the 
aspect of estimation which is their primary objective: overall measures 
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compare changes in objective functions ((restricted) likelihood distance 
(Cook and Weisberg, 1982)); influence on parameter estimates (Cook’s 
D (Cook and Weisberg, 1982; Atkinson, 1985; Dallal, 2003; Lee, 2003), 
MDffits (Belsley et al., 2004)); influence on precision of estimates (Cov-
Ratio and CovTrace (Hawkins, 1980; Hair et al., 1998; Dallal, 2003; Lee, 
2003)); influence on fitted and predicted values (PRESS residual, PRESS 
statistic), Dffits (Hair et al., 1998; Lee, 2003; SAS, 2003)); outlier prop-
erties (internally and externally studentized residuals (Iglewicz and Hoa-
glin, 1993; Yeung and Ging, 2001; Michaelsen, 2003), leverage (Iglewicz 
and Hoaglin, 1993; SAS, 2003)). However, the researcher must decide 
on the retention or exclusion of each outlier, judging not only from the 
characteristics of the outlier but also from the objectives of the analysis 
(e.g. Hair et al., 1998; Kangas, 1996; Canavan and Hann, 2004). 
2.2. Tree-ring analysis
2.2.1. Dendrochronological studies
Dendrochronology is one of the most important environmental record-
ing techniques for a variety of natural environmental processes and a 
monitor for human-caused changes to the environment such as pollu-
tion and contamination (Cook and Kairiukstis, 1990; Schweingruber, 
1996; Speer, 2010). Dendrochronology examines events through time 
that are recorded in the tree-ring structure or can be dated by tree-rings. 
Trees record any environmental factor that directly or indirectly limits 
a process that affects the growth of ring structures from one season to 
the next, making them a useful monitor for a variety of events (Speer, 
2010). Many subfields within dendrochronology have been developed. 
One of the first and most published applications in dendrochronology 
has been the ability to reconstruct climate from tree-rings. Because trees 
respond to their surroundings, they are subject to climatic stresses such as 
variations in temperature, rainfall, soil moisture, cloudy days, and wind 
stress (Fritts, 1976). The relationship between weather and tree growth is 
not easy to explain, because short- and long-term weather events as well 
as local ecological conditions affect growth differently (Schweingruber, 
1996). Narrower tree-rings provide more precise information on limiting 
climatic conditions than wider rings. Among single tree series, conspicu-
ous tree-rings or consecutive extreme years are called event years; and 
if event years recur in several series, then they are referred to as pointer 
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years (Schweingruber, 1988). During years when rings are generally wide, 
factors may become limiting to different degrees in each tree, depending 
on its locale, ecological position in the site, and a great variety on non-
climatic factors. The more the tree has been limited by environmental 
factors, the more the tree will exhibit variation in width from tree-ring 
to ring (Fritts, 1976).
Since dendroclimatology was founded, researchers have put forward 
many methods and techniques to fit the age trend (Cook et al., 1990). 
In order to remove the age-related growth trend and low frequency noise 
caused by climate and disturbance, etc., standardization techniques have 
been developed (Cook and Kairiukstis, 1990). Standardization procedure 
is a crucial step in the building of chronologies (Helama et al., 2004). 
Historically, a negative exponential curve was considered a conservative 
standardization method because it removed an assumed age-related geo-
metric curve from the ring-width series (Speer, 2010). Edward R. Cook 
(1985) suggested using cubic smoothing splines for empirical fit of the 
growth of trees, which are used most widely in research.
Estonia became engaged in dendrochronological research in the early 
1970s, with Kalvi Aluve (Läänelaid, 1997; 2002) measuring and dating 
tree-ring widths in historical buildings. Approximately at the same time, 
Alar Läänelaid started tree-ring studies of pines growing on raised bogs 
under the scientific guidance of late Prof. Viktor Masing; and his multi-
year task was to sample extensively in Estonia both from living trees and 
buildings in order to form a basis for a dendrochronological network of 
dated tree-ring series (Läänelaid, 2002). The use of tree-ring data in for-
est research was introduced in the 1980s, when Erich Lõhmus (1992), a 
researcher at the Estonian Forest Institute, developed a master chronol-
ogy for Scots pine in Estonia for the period of 1780-1983 (203 years) 
and for Norway spruce for the period of 1797-1979 (182 years). Lõhmus 
(1992) also compiled separate chronologies for three soil moisture classes 
(for arid, moderate, and humid sites). Considerable input on studying the 
radial growth response of Scots pine to weather in park forests and regions 
of different cement dust loads has been provided by Henn Pärn (2003; 
2004; 2006; 2008). Pärn’s (2002) study concluded that the radial growth 
of older pines at older sites is more significantly limited by macroclimatic 
factors than the growth of younger pines at other sites, growing nearby 
under similar environmental conditions. Pärn (2003) also reconstructed 
radial growth tree-rings history of the Scots pine sites along the Finland-
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Poland boreal-temperate transect and revealed significant correlation 
among the Baltic chronologies. 
2.2.2. Using tree-ring data for tree growth modelling
The accuracy of radial growth estimation methods based on increment 
boring or stem analysis depends, to some extent, on the amount of varia-
tion in tree-ring widths of the trees in the stand (Cook, 1985). Diameter 
growth is an important variable in the assessment of volume growth of 
trees and stands. Diameter or radial growth derived from increment core 
and the height growth during the preceding period, usually 5 years, can 
be used as a basis for the calculation of stand volume at the beginning 
of the period (Elfving and Tegnhammar, 1996; Biondi, 1999; Kucbel et 
al., 2009; Metsaranta and Lieffers, 2009). In the case of volume growth 
estimation methods which incorporate increment boring, the greater 
the variation in the ring width the smaller the difference in the accu-
racy yielded by different methods (Thammincha, 1981). The width of 
an annual tree-ring must be converted into an annual ring index if the 
growth of different years or periods is to be compared. The annual ring 
width index is the ratio between the actual ring width of a given year 
and the expected ring width for the corresponding year (Schweingruber, 
1996).
Thammincha (1981) has used annual ring-index series of Scots pine and 
Norway spruce in different localities in southern Finland and compared 
stand level increment predictions using local and regional (South Finland) 
index series. This improved the accuracy of stand growth predictions by 
including information on inter-annual variation derived from tree-ring 
data.  Ilvessalo (1942), the first in Finland, has used the annual growth 
variation in comparing increment estimates of forest inventories. Elfving 
and Tegnhammar (1996) have used annual ring indices to detect steady 
trends of tree growth from the Swedish NFI data. Biondi (1999) has used 
tree-ring data in a case study demonstrating how repeated forest inven-
tories and tree-ring chronologies can expand and benefit each other for 
detecting and evaluating changes in forest growth at multiannual scale. 
Hynynen et al. (2002) have applied growth indices in the model calibra-
tion in order to take into account the time-dependent growth variation. 
To predict the radial growth dynamics of Norway spruce, Kucbel et al. 
(2009) have used the basal area increment (BAI) which helps to remove 
variation in radial tree growth due to increasing diameter, while BAI is 
computed using the tree-ring widths. Cortini et al. (2011) have used 
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growth indices to evaluate the capability of various climate variables for 
modeling the early growth of lodgepole pine and white spruce in north-
ern British Columbia. Hence tree-ring data provide opportunities to link 
growth and stand dynamic models with climate factors also for Estonia.
2.3. Research needs
With the shift from even-aged pure forests toward uneven-aged and 
mixed species managed forests new growth models are needed to ensure 
sustainable forest management (Hasenauer, 2006). In most European 
countries single tree growth models have been developed, and for that 
purpose the ENFRP for studying forest growth from stand to the single 
tree level was established in Estonia. The need for the current study was 
to develop a better understanding for using permanent sample plot re-
measurement data with tree-ring data for modelling single tree growth 
and survival.
For tree growth analysis, the influence of climate factors needs to be 
considered. However, for using permanent sample plot and tree-ring data 
relatively little is known about annual ring-width responses to weather 
variations in Estonia during past decades.  Also, little research has focused 
on comparing dendrochronological records between Estonia and neigh-
boring countries. The comparison of data from several areas will identify 
common changes in tree growth, which represents important evidence of 
large, regionally representative climate-based growth changes. Regional 
differences between sites indicate local differences in growing condi-
tions.
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3. AIMS OF THE STUDY
This study focuses on aspects related to the application of forest growth 
model for linking the ENFRP and tree-ring data. This doctoral thesis 
continues and extends the research I started with my M. Sc. study and 
deals with outlier/measurement error detection methods from ENFRP 
data, modelling individual tree survival and analyzing annual ring-width 
responses to weather variation.
The specific aims of the thesis were:
• to implement data verification, validation and outlier detection for 
assessing and improving the quality of empirical forestry data (I; II);
• to compare and estimate the efficiency of different outlier tests for 
detecting outliers and/or measurement errors from ENFRPs data 
(I; II);
• to analyze on the ENFRPs data the tree and stand levels variables 
affecting the tree survival probability in Estonian forests (III);
• to construct a Scots pine tree-ring chronology and investigate which 
climatic variables affect the annual radial growth of Scots pine the 
most (IV);
• to compare the annual ring-width variations and identify pointer 
years of Scots pine growing on dry and sandy sites in different 
regions in Finland and Estonia, and also analyze annual ring-width 
responses to weather variations (V).
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4. MATERIALS AND METHODS
4.1. The Estonian Network of Forest Research Plots
The network of permanent forest growth plots in Estonia was started 
in 1995. The first permanent research plots with tree co-ordinates were 
established by Urmas Peterson in Pikknurme and Aakre forest district 
(Central Estonia) in 1995-1996. In 1997-1998, plots of the same type 
were established in Sagadi forest district (North Estonia) and in several 
areas of South Estonia. In 1999, a network of permanent forest growth 
plots to cover the whole Estonia was designed, mainly based on the expe-
rience of the Finnish Forest Research Institute (Gustavsen et al., 1988). 
From 1999 to 2005, about 100 permanent sample plots were established 
each year and at the moment grid of the plots cover most of Estonia. Fig-
ure 2 shows the heterogeneous placement of groups of plots. Most plots 
are placed according to the regular grid of the European forest-monitor-
ing program ICP FOREST I (International Co-operative Program on 
Assessment and Monitoring of Air Pollution Effects on Forests) (Karoles 
et al., 2000). The frequent groups of plots in northern and central Estonia 
indicate previously established research areas (I).
Figure 2. The ENFRP was started in 1995. Each circle on the map represents a group 
of plots.
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Generally, the permanent forest growth plots are circular with radii of 15, 
20, 25 or 30 meters. The plot size depends on the forest age and den-
sity, such that, as a rule, on every plot there are at least 100 trees of the 
upper storey. Trees of the second storey and shrub layer were measured 
in a smaller concentric circle with a radius of eight (at a plot radius of 
15 m) or 10 meters (at a plot radius of more than 15 m). On each plot, 
the polar-coordinates (azimuth and distance from the plot centre), the 
diameter at breast height, and defects were assessed for each tree. The tree 
height and height to the crown base were measured on every fifth tree 
and also on dominant trees and rare tree species. The height to the first 
dry branch of old coniferous trees was also assessed (Kiviste and Hordo, 
2002) (I).
The sample plots are re-measured at five-year intervals. At present, a total 
of 706 permanent sample plots are established, 671 of which are already 
re-measured once and 377 plots two times (Figure 3). Figure 4 shows 
that most of the permanent sample plots are established in pine stands. 
Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.) 
and birch species (Betula pendula Roth and Betula pubescens Ehrh.) are 
the most common and economically important tree species in Estonia 
(Yearbook Forest, 2009). 
Figure 3. Distribution of permanent sample plot measurements by dominant tree spe-












































4.1.1. Detecting outliers and/or measurement errors
For modelling reliability, careful inspection of ENFRP measurement data 
for measurement errors is necessary. For building up a system for inspec-
tion outliers and/or measurement errors, a conceptual scheme has been 
constructed (Figure 5). In large data sets, it is hard to avoid measurement 
errors during measuring, data recording or entering. Figure 5 describes 
schematically how to detect measurement errors and/or outliers by check-
ing different variables (regulated by certain limits, rules, codes of tree 
species, etc.) and using relationships between them.
In the II paper, several tests of mathematical statistics have been applied 
to detect outliers/measurement errors from the ENFRP measurement 
data. The paper presents outlier detection methods as distribution base 
tests and regression diagnostics for diameter and height data acquired. 
The following tests were used to detect outliers from diameter distribu-
tion: 1) Grubbs’ test (sample N > 3); 2) Dixon’s test (sample N 3 ... 25); 
3) “2-sigma region” method (sample N > 25) (II).
In the field, height and diameter of sample trees of ENFRP are measured. 
Several regression models were tested on height-diameter data, but in this 
II paper, a linear regression model was used to detect height measurement 
errors/outliers from sample trees. Several residual diagnostics were tested 
for detecting outliers from the height-diameter dataset used and were 
applied to sample trees dataset. Regression diagnostics were developed to 
Figure 4. Distribution of permanent sample plots by age classes and dominant species.



























Figure 5. Conceptual scheme for detecting outliers and/or measurement errors from 
ENFRP data.
measure various ways in which a regression relation might derive largely 
from one or two observations. Observations whose inclusion or exclu-
sion result’s in substantial changes in the fitted model (coefficients, fitted 
values) are said to be influential (Hair et al., 1998; Tsay et al., 2000). The 
following residual diagnostic methods are proved for detecting outliers 
from ENFRP data: leverage method, standardized residual, studentized 
residual, Cook’s D, Dffits, CovRatio, Dfbetas. 
In the II paper, the number of outliers, number of measurement errors 
of outliers, percentage of measurement errors of outliers, total number 
of measurement errors from field and causes of errors were checked in 
re-measured ENFRP data.
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4.2. Modelling single tree survival
In the III paper, single tree survival was analyzed on ENFRP data by for-
est site types, dominant species and stand development stages. Most plots 
are located in the nemoral and mesotrophic forest types (Figure 6). The 
site type ’others’ includes alvars, transition bogs, and fen forests. Scots 
pine stands are more represented than stands with other tree species in 
plots. The alder forests include four black alder plots and five grey alder 
plots. Almost all groups by site type and main species include stands of 
all development stages. 
In the present study (III), the dependent variable is EJ, which represents 
the probability that a tree will survive during the next 5-year period. The 
value of EJ was set equal to 1, if the tree was still alive after five years, and 
0 if it was not. Thus, the probability of tree mortality is equal to
EJVL −=1         (1)
where EJ is survival probability and VL is mortality probability. One 
advantage of modelling the survival probability EJ is that it can be treated 
as a Markovian process so that the survival probability over a period of 
N years is given by the Nth power of the annual probability of survival 
(Vanclay, 1994).
Figure 6. Distribution of plots by groups of forest site types (A) and dominant tree spe-
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Simple linear regression is not suitable for modelling survival because it 
may give predictions of the survival probability outside the feasible range 
(0, 1). For modelling a variate which follows a binomial distribution, a 
logistic model may be used where the dependent variable is logit-trans-







lnlogit       (2)
Through logit-transformation the dependent variable is transformed into 
a variate with a normal distribution, which can be analyzed using logistic 
regression:
( ) ( )XfEJ =logit        (3)
where f(X) is a linear function of the vector X of measurement vari-
ables.
The inverse of the logit-transformation (2) is the model that we are using 









       (4)
where f(X) is the equation of logistic regression (Dobson, 2002).
The majority of the variables X are continuous (age, height, diameter, 
etc.), but there are also some nominal variables (storey, tree species, 
forest site type) and binary variables as transformations of nominal 
variables (tree species indicator, indicator of moose damage, etc.) in 
the data set. The investigated data set was hierarchical, some of the 
variables were appointed at tree level (storey, tree species, tree diam-
eter, tree height, etc.) and others at plot level (dominant tree species, 
forest site type, age of the first storey, mean diameter, mean height, 
etc.).
Tree height (H) was measured on 29.7% of trees and the height to crown 
base (HV) on 25.1% of all trees. To estimate the height of all trees, Nil-
son’s diameter-height equations were used (Kiviste et al., 2003). These 
equations were fitted separately to every combination of tree species and 
storey of each plot (tree cohort).
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Relative tree diameter (DS), relative tree height (HS), basal area of larger 
trees (BAL), relative basal area of larger trees (BALS) and Hegyi competi-
tion indices (HEG5 and HEGH) were the investigated variables charac-
terizing individual tree competitive status. Four of these (DS, HS, BAL 
and BALS) do not require known tree positions and it is relatively easy 
to calculate them. The BAL variable is calculated as the basal area of trees 
having a diameter larger than the diameter of the reference tree. The rela-
tive basal area (BALS) is equal to the BAL variable divided by the basal 
area of all trees in the plot.
The value of the Hegyi index depends on stand density and the radius of 
the influence zone. Thus, a fixed radius (e.g. HEG5 = 5 m) is not always 
reasonable. For this reason, Hegyi’s competition index (HEGH) was also 
calculated, using an influence zone radius which was equal to 40% of the 
mean tree height in the first storey.
In logistic regression analysis, the deviance (also called log likelihood 
statistic) is used to characterize goodness of fit, calculated by logarithmic 
likelihood. The likelihood-ratio test helps to estimate the influence of 
new arguments, added into the model. The likelihood ratio has a chi-
square distribution χ2(p); where p is the number of parameters, which 
allows to estimate the statistical significance of added arguments (Dob-
son, 2002). To select the best subset of variables the score statistic is 
calculated for every single tree variable for ranking single tree influence 
on survival using PROC LOGISTIC (Freund and Littell, 2000) in SAS. 
The score statistic is asymptotically equivalent to the likelihood-ratio test 
statistic but avoids the need to compute maximum-likelihood estimates 
(Schaid et al., 2002).
In the case of traditional linear regression analysis (with the assumption of 
a normal distribution of residuals) to characterize the goodness of fit of a 
model, the root mean square error or coefficient of determination (R2) are 
being used (Dobson, 2002). By analogy with R2 for ordinary regression 
the generalized R2 was used which represent the proportional improve-
ment in the log-likelihood function due to the terms in the model of 








pMLR       (5)
30
where logL(M) is maximized log-likelihood for the fitted model with the 
number of parameters p, logL(0) is the “null” model containing only the 
intercept term.
For logistic ANOVA the procedure GENMOD with SAS software (Lit-
tell et al., 2002) was used for analysing tree cohort influence. For multi-
level analysis of tree and stand variables influences the generalized linear 
methods were used with SAS procedure GLIMMIX (Schabenberger, 
2005) and R function lmer (Crawley, 2007). SAS procedure GLIMMIX 
fits generalized linear models to data with correlations or non-constant 
variability and where the response is not necessarily normally distributed. 
Function lmer is for fitting mixed-effects models in R (package lme4). 
Both allow analyzing a response variable with a binomial distribution and 
logit-transformation. SAS procedure GLIMMIX implements restricted 
pseudo-likelihood (RPL) method but in R function lmer restricted maxi-
mum likelihood (RML) method is used (III).
4.3. Increment core data from permanent sample plots in Estonia 
and Finnish NFI plots
Increment cores from living Scots pine trees were collected in Estonia 
during the summer/autumn of 2007 (IV). For sample tree selection, we 
used ENFRP established in mesotrophic and heath forest site types. In 
total, a subset of 119 Scots pine dominated sample plots was selected, 
which comprised 81 plots from the mesotrophic forest site type and 38 
plots from the heath forest site type. According to the geographical loca-
tion, the sample plots were grouped by regions: islands, northeast, south-
east and southwest (Figure 1 in IV).
Increment cores were collected from trees outside the research plots from 
the North, South, East and West directions, which were determined from 
the center of a plot (Figure 2 in IV). For each research plot, up to 8 domi-
nant trees without visible damage were sampled. Two increment cores in 
opposite radii were taken using an increment borer from each tree at 1.30 
m above the ground. For this study, altogether 889 trees were cored, 602 
trees from the mesotrophic and 287 trees from the heath forest site type.
In the V study, we used the increment cores of Scots pine trees on ENFRP 
on dry and sandy sites from two regions in Estonia and five regions in 
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Finland (Figure 1 in V). In Estonia, a total of 51 permanent growth and 
yield plots in dry and sandy soils (Calluna, Cladonia and Rhodococcum 
site types (Lõhmus, 2004)) were selected from northeast Estonia and 
Hiiumaa Island.
In Finland (V), increment cores were collected as part of the 9th (1996–
2003) and 10th (2004–2008) National Forest Inventory (NFI). In this 
study, plots on sandy soils in relatively infertile sites (Vaccinium, Empetrum-
Myrtillus, and Empetrum-Vaccinium types (Cajander, 1949)), and infertile 
sites (Calluna, Myrtillus-Cladina, and Cladina types (Cajander, 1949)) 
were selected. From North to South of Finland, five climatically different 
regions (Sodankylä in Lapland, Northern Ostrobothnia, North Karelia, 
Southern Ostrobothnia and South Karelia) were identified with high 
density of plots. The number of plots in each region was set to be 100 
and the plots closest to the mid-point of each region were included in 
the sample. In the Finnish NFI, trees to be measured are selected using 
the angle-gauge method (Bitterlich, 1984), except for large trees, which 
are sampled using a fixed radius. Every seventh tree tallied on temporary 
sample plots is cored to the pith at 1.3 m height. A total of 1024 trees 
were measured in 551 sample plots (Table 1 in V). In this study, only 
trees with at least 30 annual rings were included.
4.3.1. Tree-ring measurements and cross-dating
In the Estonian dataset (IV; V), annual ring-widths were measured with 
an accuracy of 0.01 mm using LINTAB tree-ring measuring table with 
the computer program TSAP-Win Scientific Version 0.59 (Rinn, 2003). 
Since 1999, about 50% of Finnish NFI cores have been scanned and 
ring-widths measured using the WinDENDRO™ Software (Regent Inst-
ruments Inc., Quebec, Canada). About 50% of cores are measured with 
the microscope.  The accuracy of ring-width measurement is 0.01 mm 
with both measuring methods. 
The measured series were cross-dated (Pilcher, 1990) visually by compar-
ing the graphs of tree ring-widths. Cross-dating and data quality were 
assessed using the computer program COFECHA (Holmes, 1983; Gris-
sino-Mayer, 2001). As a result of the cross-dating of tree-ring time series, 
possible errors were eliminated and the series were verified between each 
other. Mean time series by trees were built up with the software TSAP-
Win.
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Descriptive statistics of a ring-width series (IV; V) for forest site types were 
calculated using the TSAP-Win program. Statistical parameters of the 
tree-ring data like mean sensitivity, standard deviation, tendency changes, 
first-order autocorrelation, signal-to-noise ratio, Gleichläufigkeit, t-value, 
and Cross-Date Index were calculated. These parameters are character-
ized by different sensitivities to tree-ring patterns. Mean sensitivity is 
the mean percentage change from each measured annual ring-width to 
the next (Douglass, 1936) and, compared to standard deviation, mean 
sensitivity is a measure of the variation at high-frequency (Fritts, 1976). 
Tendency changes were calculated over the points of the running window, 
while creating a new time series and this new time series shows the vari-
ations of the calculated parameter along the original series (Rinn, 2003). 
The first order autocorrelation was calculated to estimate serial correla-
tion (Fritts, 1976). Signal-to-noise ratio (SNR) represents the strength of 













is the average correlation between trees and N is the number of trees in the ensemble of standardized tree-ring indices. Gleichläufigkeit, a 
measure of the year-to-year agreement calculated as the number of times 
that two series show the same upward or downward trend relative to the 
previous year (García González and Eckstein, 2003), while Baillie-Pilcher 
value (t-value) presents the correlation significance, and Cross-Date Index 
is the combination of these the two parameters (Gleichläufigkeit and t-
value), which is a date index of possible series matches (Rinn, 2003). 
Values of Gleichläufigkeit greater than 60 % were considered significant 
and t-values greater than 3.0 and Cross-Date Index greater or equal with 
10 were considered significant.
4.3.2. Standardization
The measured tree-ring series were detrended by two methods: negative 
exponent curve (EXP) (IV; V) and regional growth curve (V)) using the 
program ARSTAN v6.05P (Cook, 1985). Standardization of the regional 
growth curve (RGC) process was based on double-detrending. First, a 
negative exponential was fit to individual series. Second, a spline curve 
with 50% cut-off in 67% of n years was fitted. Thereafter, annual indi-
ces were calculated as ratios between the measured and fitted values. 
In the climate-growth analysis, two different standardization procedures 
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were compared, i.e. the EXP series calculated as ratios after the first step 
described above, and the so-called RGC series (regional growth curve 
standardization) calculated after the second step. Finally, the indices were 
pre-whitened using an autoregressive model (ARMA) selected on the 
basis of the minimum Akaike’s Information Criterion (AIC) (Akaike, 
1974). Regional level chronologies were calculated from single tree index 
series as average series for each region. As recommended by Henderson 
and Grissino-Mayer (2009), we used the residual chronology because 
it lowers the bias inherent in tree-ring indices and therefore, provides a 
more rigorous assessment of climatic influences.
4.3.3. Analysis of weather-tree growth relationships
In the IV and V study, the chronologies in different regions were chosen 
to assess the influence of weather variables on tree growth by using the 
Pearson correlation coefficient. The weather variables over an interval 
starting from August of the previous growth year and ending in August 
of the current growth year were used in the correlation analysis. The Pear-
son correlation coefficient was used to evaluate the variations increment 
indices in each region using the RGC and EXP chronologies, respectively. 
The correlations were considered significant when the correlation coeffi-
cient was above 0.3 or below -0.3 (p < 0.05). The statistical analyses were 
done with the SAS (Statistical Analysis System) software (SAS Institute 
Inc, 1996) and freeware R (R-project, 2010).
The pointer year analysis is a method of showing annual growth reactions 
due to abrupt changes in environmental conditions (Cropper, 1979; Sch-
weingruber, 1990), especially those due to climate variations (Rolland, 
1993; Kroupova, 2002; Neuwirth et al., 2004; Karpavičius and Vitas, 
2006; Elferts, 2007). The term pointer years has been variously defined. 
To calculate pointer years, we used Cropper (1979) method in both stud-
ies (IV; V), where ratios among the raw annual measurements for single 




−=       (7)
where: xi – tree-ring width in the year i; mean[window] and stdev[window] 
– arithmetic mean and standard deviation of ring widths in the moving 
window xi-6, xi-5, xi-4, xi-3, xi-2, xi-1, xi, xi+1, xi+2, xi+3, xi+4, xi+5, xi+6. Years with 
a value of Zi that was higher or lower than 1 or -1 were defined as posi-
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tive or negative pointer years, respectively. Those positive and negative 
Cropper values were divided into three classes by intensity: ‘weak’ for 
|Zi|>1, ‘strong’ for |Zi|>1.28, and ‘extreme’ for |Zi|>1.645 (Neuwirth et 
al., 2007).
4.4. Weather data
Statistical characteristics of weather data, such as annual sums of precipi-
tation (mm) and annual minimum, mean and maximum temperatures 
(°C) (Figure 3 in IV; Table 1) were obtained from the weather stations 
of the Estonian Meteorological and Hydrological Institute (EMHI) and 
Finnish Meteorological Institute (FMI).
Estonia has a temperate climate with warm summers and severe winters. 
The average annual temperature is around 4-6 °C (EMHI, 2010) and 
warmer near coastal areas, about 7-8 °C (Table 1). The annual precipita-
tion sum is between 500 mm and 750 mm, of which about 40-80 mm 
falls as snow. The vegetation period (daily air temperature above 5 °C) 
usually lasts from 170 to 180 days (EMHI, 2010).
Table 1. Characteristics of the meteorological stations over the period 1960-2005 (cal-



































Kunda NE 59.31 26.32 2 -33.1 7.4 32.8 2245.2 482.2
Ristna HI 58.55 22.04 7 -28.4 8.2 31.5 2489.3 476.0
Tampere Härmälä EP 61.28 23.44 84 -37.0 6.4 32.2 1934.8 477.9
Tampere Pirkkala EP 61.25 23.37 119 -35.8 6.7 32.2 2033.8 509.0
Lappeenranta airport EK 61.02 28.09 106 -36.8 6.7 33.1 1968.1 521.3
Punkaharju EK 61.48 29.19 78 -40.2 6.1 31.6 1845.7 496.7
Lieksa, Lampela PK 63.19 30.02 98 -40.8 4.9 32.1 1504.4 535.1
Ilomantsi, Kirkonkyla PK 62.41 30.57 162 -39.8 4.8 32.0 1426.6 551.9
Oulu airport OP 64.55 25.21 14 -41.5 5.0 32.8 1531.2 398.5
Sodankylä SO 67.21 26.37 179 -49.5 2.4 31.3 721.8 450.9
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The main factor influencing Finland’s climate is the location between 
the 60th and 70th northern latitudes in the Eurasian continent’s coastal 
zone. The mean annual temperature is about 5.5 °C in southwestern Fin-
land, decreasing towards the northeast (Table 1). The 0 °C mean annual 
temperature runs slightly to the south of the Arctic Circle. The annual 
variation in precipitation is rather similar throughout the country. In 
southern and central Finland, the mean annual precipitation is between 
600 and 700 mm, except on the coast where the annual precipitation 
is slightly lower. In northern Finland, where about half of the rain falls 
as snow, the annual precipitation is about 600 mm. The lowest annual 
precipitation has been 200 to 300 mm. In northern Finland, the highest 
annual precipitation has been around 700 mm, and 900 to 1100 mm 
elsewhere. The average length of the thermal growing season (with 5 °C 
as threshold temperature) is 180 days in the southwestern archipelago, 
140 to 175 days elsewhere in southern and central Finland, and 100 to 
140 days in Lapland (FMI, 2010).
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5. RESULTS
5.1. Detecting outliers and measurement errors
A Visual FoxPro program was elaborated to detect measurement errors 
and outliers in the ENFRP data measured in 1999 (19 623 trees) and 
re-measured 2004 (18 259 trees) (II). During re-measurement outlier 
trees were carefully checked. Additional measurement errors, which the 
test program was not able to detect, were also recorded by measurers. 
Obvious errors (repeated tree numbers, wrong codes for tree layers and 
tree species, out of range measurements, etc.) were removed upon data 
entering and preliminary analysis. 
A total of 18 259 trees were re-measured in 112 plots in 2004 and 749 
suspicious records (outliers or measurement errors) were detected by the 
elaborated program. While the program was using several methods to 
detect statistical outliers, more than one outlier for some trees/records 
was delivered to output file. A total of 415 outliers of diameter and 508 
outliers of height were detected in re-measurement.
5.1.1. Distribution based tests
Detecting outliers from diameter data from the ENFRP employed dif-
ferent tests (Grubbs’ test, Dixon’s test and the ‘2-sigma region’ method) 
which were applied on different (Gauss’ or other) distribution presump-
tions. Grubbs’ test is universal for outlier detection for small (Figure 1 in 
II) and large samples (Figure 2 in II); however, this method enables to 
detect only one observation from a sample as an outlier. In the study each 
forest element (trees of same species and storey in a plot) was checked 
as a sample. Grubbs’ test detected 43 outliers (Table 3), and only three 
outliers were detected as measurement errors. Dixon’s test can be used for 
smaller samples (3 ≤ n ≤ 25), and more than one outlier from the sample 
can be detected. Dixon’s test detected 33 outliers and only five diameter 
measurement errors of outliers (Table 3).
Table 2 shows a comparison of results from the diameter distribution 
tests. Regarding the detection of outlier for diameter distribution, Dixon’s 
method (suitable for small samples) and the ‘2-sigma region’ method 
(suitable for bigger samples) detected more outliers than Grubbs’ test.
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Table 2. Number of diameter distribution outliers on permanent sample plots excluded 
by different tests: 0 – number of non-outliers, 1 – number of outliers.
Sample N 3...25 Grubbs’ test Total
Dixon’s test 0 1
0 3 830 7 3 837
1 17 16 33
 Total 3 847 23 3 870
Sample N>25 Grubbs’ test Total
2-sigma method 0 1
0 15 457 11 15 468
1 65 9 74
Total 15 522 20 15 542




























(N > 25) 74 19 25.7 308 6.2
Grubbs’ test 











(N > 25) 20 (43) 1 5.0 (7.0) 308 (415) 0.3 (0.7)
Results from diameter distribution are presented in Table 3. Grubbs’ 
test proved to be inefficient as the method detected 43 outliers, but only 
three of them were at the same time measurement errors. Dixon’s test for 
smaller and ‘2-sigma region’ method for larger sample sizes seem to be 
slightly more adequate.
5.1.2. Residual diagnostic: height-diameter control
In the II paper several methods for residual diagnostic from height-dia-
meter check were used, presented in Table 4. The results of regression 
diagnostics of influential observations show that the Covratio method 
was the most sensitive one for outlier detection, while 676 outliers 
were detected. In all 26% of height measurement errors of outliers were 
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detected by studentized residual method. And the Cook’s D test detected 
17.1% of measurement errors from the total number of measurement 
errors (508).
5.2. Modelling single tree survival
In the III study for tree survival probability models with a single indepen-
dent variable and models with several independent variables were tested. 
In the present study, four storeys (also called layers) were separated on 
analyzed sample plots: the first storey (1), the second storey (2), regenera-
tion (J) and shrub layer trees (A). The results, presented in Table 5, show 
that the survival probability of the trees which belong to the first storey is 
higher than that of trees in other layers. The difference in survival prob-
abilities is statistically significant between the first and second storey and 
between the first storey and the regeneration.
Table 4. Results of height-diameter check; functions of linear regression were used.


















Leverage 149 29 19.5 508 29 5.7
Standardized residual 189 44 23.3 508 44 8.7
Studentized residual 258 67 26 508 67 13.2
Cook’s D test 402 87 21.6 508 87 17.1
Covratio 676 80 11.8 508 80 15.7
Dffits 15 3 20 508 3 0.6
Dfbetas 521 77 14.8 508 77 15.2
































al probability (%) 
(DS = 0.5)
Lower Upper Mean Lower Upper
I 25477 236 13.5 23654 92.8 92.5 93.2 79.2 78.1 80.3
II 5380 154 68.3 4927 91.6 90.8 92.3 91.9 91.1 92.5
J 178 14 74.7 160 89.9 84.5 93.5 92.3 85.3 96.1
A 62 5 27.4 37 59.7 47.1 71.0 60.5 45.3 73.9
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First, the influence on tree survival of each variable was investigated indi-
vidually without considering the influence of other variables. The influ-
ences were assessed separately for the entire data set as well as on the data 
sets of the three stand development stages (young, middle-aged, mature). 
The results (Table 6) show that on the total database and also on sepa-
rate data sets of all stand development stages, tree survival probability EJ 
depended most on the relative height of a tree HNLSS. As mentioned 
before, the tree heights which were not measured were calculated using a 
specific diameter-height relationship. For the total database, the second 
most important variable was the tree relative diameter DS. But in middle-
aged and older stands this variable was not in the first triple. The third 
most important variable in the total data set was BALS (the ratio between 
the relative basal area of larger trees and the stand basal area). On the data 
set, grouped into stand development stages, the variable BALS was not 
inside the first ones.
Considering the total data set, effective variables were also both Hegyi 
competition indices (HEGH and HEG5) and tree height H, tree diam-
eter D and basal area of larger trees BAL. Stand level variables and tree 
species were clearly less important than the variables which characterize 
the relative state of a tree. From a practical viewpoint, tree diameter D 
and tree relative diameter DS are explanatory variables which can be used 
in distance independent forest growth models. Therefore, these variables 
are often preferred to competition indices which require known tree posi-
tions. The influence of the height to crown base and the relative height of 
crown base on tree survival probability was analyzed for sample tree data 
Table 6. Variables influencing tree survival probability the most. The numbers in the 
table represent score statistics of differences between intercept only and intercept with 
variable.






HNLSS 1881 640 1166 109
DS 1300 435 810 73
BALS 1099 403 620 70
HEGH 907 247 920 85
D 859 188 800 88
HEG5 776 187 932 82
BAL 725 435 249 74
HNLS 606 88 610 60
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sets where the height to crown base was measured and the spruce trees 
were left out. The results show that in young and middle-aged stands, 
the influence of the height to crown base on tree survival probability was 
less than the influence of the other variables in Table 6. The old stands 
were an exception; here the influence of relative and absolute height to 
crown base on mortality was clearly higher than the influence of other 
variables.
The dependence of tree survival probability (EJ) on several variables was 
modeled with the two-level mixed model
� � ...XX...XXEJlogit m+1jm+1mjm2ij21ij10jij ����� ������ �����     (8)
where EJij is tree survival probability; logit() is the logit-transformation 
(Eq. 2), β0j is the random intercept (β0j = β0 + uj: uj ~ N(0, σu
2)), i is tree 
number; j is plot number;  X1ij, X2ij are tree level variables; Xmj, Xm+1j are 
stand level variables, uj is random effect of j
th plot; β0, β1, β2, ...βm, βm+1, 
... and σu
2 are model parameters. Taking a great number of arguments 
into the model may be justified in the case of a random or systematic 
sample, such as NFI, where all elements of population have the same 
probability to be part of the sample. Unfortunately, the selection of stands 
in the ENFRP network was not entirely random, which is also revealed 
in the distribution histograms in the III study (Figure 2; Figure 3). That 
is why the principle of developing as parsimonious a model as possible 
(Burkhart, 2003) was followed in this study.
Table 7 presents two sets of results of multilevel logistic modelling: with 
SAS procedure GLIMMIX and R-function lmer, which have different 
methods for parameter estimation. Nevertheless, both methods found 
similar estimates of parameters in the same set of significant variables, 
which gives some evidence of reliability of selected variables. All terms in 
the model are biologically sound: tree survival probability (EJ) is increas-
ing with relative height (HNLSS) and decreasing with increasing com-
petition (BALS, TTJ). Considering the effect of different tree species, 
spruce survival was significantly higher and grey alder survival signifi-
cantly lower than that of other tree species in all development stages. This 
can be explained by the shade tolerance of spruce and the short life of grey 
alder. The significance of the variable KUDS for old stands indicates the 
relatively lower survival of bigger spruces due to wind and fungi damage 
(Laarmann, 2007).
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Table 7. Results of generalized linear mixed modelling with PROC GLIMMIX (SAS) 
and function lmer (R).




Coefficients of model with GLIMMIX
Estimate St. Error Estimate St. Error Estimate St. Error Estimate St. Error
Intercept 2.1624 0.4232 4.8111 0.9713 -1.2635 0.4227 10.2931 2.2789
HNLSS 4.3433 0.2559 4.5473 0.614 4.6567 0.5607 3.4531 1.1361
DS -1.7344 0.7159 1.7057 0.3859
BALS -1.8928 0.2319 -4.1013 0.7873 -2.3698 0.8679
TTJ -2.1976 0.251 -1.78 0.3975 -1.8281 0.3929 -9.9323 1.8795
KUDS -3.8111 1.746
PL Aspen -1.3529 0.1125 -1.361 0.1885 -1.4853 0.1609 -1.176 0.5093
 Birch 0.0796 0.0871 0.0317 0.1583 0.0179 0.1261 -0.185 0.4064
 Spruce 0.2272 0.1032 0.2561 0.147 0.3762 0.1732 1.7442 1.7761
 B. Alder -0.1938 0.2058 -0.6747 0.2605 1.0037 0.5192 -1.6863 0.9211
 G. Alder -1.9203 0.1083 -1.5491 0.2054 -2.2703 0.1403 -2.6151 0.4481
σ2u 1.272 0.0114 1.348 0.0203 1.248 0.0147 1.301 0.0411
Type III Tests of Fixed Effects
F-value Den DF F-value Den DF F-value Den DF F-value Den DF
HNLSS 288.06 24906 54.85 8718 68.99 14203 9.24 1969
DS 5.87 8718 19.53 14203
BALS 66.63 24906 27.14 8718 7.46 1969
TTJ 76.66 234 20.05 78 120 21.65 27.93 32
KUDS 4.76 1969
PL 94.4 374 25.95 138 173 71.49 7.42 53
Coefficients of model with lmer
Estimate St. Error Estimate St. Error Estimate St. Error Estimate St. Error
Intercept 1.9623 0.6442 4.774 1.2959 -0.7766 0.7268 8.9933 2.3692
HNLSS 5.3326 0.3016 4.8669 0.8782 4.8496 0.6391 3.5957 1.0692
DS -1.0344 0.9549 1.8207 0.4109
BALS -1.6489 0.242 -3.8207 0.897 -2.2355 0.8047
TTJ -2.8763 0.607 -2.8202 1.0808 -2.4132 0.7999 -8.4635 2.1181
KUDS -3.5764 1.6793
PL Aspen -0.8172 0.1998 -0.6762 0.3882 -0.991 0.2642 -1.1893 0.5332
 Birch 0.1714 0.1479 0.423 0.2951 0.1042 0.191 -0.3125 0.444
 Spruce 0.4109 0.1701 0.7031 0.2699 0.3845 0.2434 1.6453 1.7147
 B. Alder -0.2659 0.254 -0.6531 0.3643 1.0362 0.5261 -2.0163 0.8827
 G. Alder -2.0647 0.1924 -1.5209 0.33 -2.6542 0.2577 -2.584 0.5444
Fit statistics
logLik -4856 -1692 -2752 -363.1
Deviance 9712 3384 5505 726
R2 0.168 0.189 0.168 0.084
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5.3. Radial growth variation of Scots pine and response of climate 
in mesotrophic and heath forest sites
In the IV study, 889 pine trees from 119 plots were sampled from the 
ENFRP and separate chronologies were built for mesotrophic and heath 
forest site types (Figure 7) for different regions of Estonia (Figure 5 in IV, 
Figure 6 in IV). The chronology of the mesotrophic forest site type is 145 
years long, and based on 602 trees, covering the period of 1796-2007; 
whereas the chronology for the heath forest site type is 221 years long and 
based on 287 trees, covering the years from 1786 to 2007.
New chronologies were compared to the reference chronology built by 
Lõhmus (1992) and measures of accordance were calculated (Table 8). 
Glk between the mesotrophic forest type and the reference chronology 
ranged from 56.1 to 77.2%, and varied between the heath forest type 
and the reference chronology from 72.8 to 80.7%. The TBP showed sig-
nificant concordance between new chronologies and the reference chro-
nology, 7.1 for the mesotrophic and 5.0 for the heath forest type for all 
regions. Consequently, the overall accordance between new and reference 
chronologies were statistically significant.
Descriptive statistics for indexed tree-ring series were calculated. The 
mean sensitivity varied between 8 and 14% (Table 8), whereas the values 
for mesotrophic forests were lower than those for heath forests, which 
shows that heath forests are more sensitive to climatic factors. The low 
first-order autocorrelations indicate that the influence of climate on the 
Figure 7. Indexed chronologies of Scots pine in heath and mesotrophic forest types and 






















inter-annual growth variability of pine is high (Wigley et al., 1984; Pour-
tahmasi et al., 2007). We found out that ring width growth was mostly 
influenced by the previous year weather conditions in the heath forest site 
type in southeast (AR(1) = 0.78). At the same time, a lower influence of 
the previous year was detected in northeast (the mesotrophic forest site 
type) and islands (the heath forest site type), with AR(1) ≤ 0.45.
The results of correlation analyses between radial growth indices and 
climate data were presented in the IV study (Figure 7), which include 
monthly temperatures and precipitation from the previous growing sea-
son to current year. In both forest sites, correlation analyses revealed that 
ring-width growth is positively correlated with the temperature of the 
winter prior to the growing season and the temperature during the veg-
etation period. Additionally, tree growth is significantly negatively corre-
lated with the previous year August temperature and positively correlated 
with the sum of precipitation of this month. This indicates that high 
Table 8. Internal statistical properties of time series of Scots pine forest types by regions 
(the generalized chronology by Lõhmus was compared to sample plots chronologies). 
Std = standard deviaton; AR(1) = first-order autocorrelation (lag=1); MS = mean sen-
sitivity; TC = tendency changes; Glk = Gleichläufigkeit; TBP = t-value with Baillie-
Pilcher-Standardization; CDI = Cross Date Index; * 95% significance indicator for the 
Glk value.




Ring widths index Glk 
%
TBPCDI
Min Mean Max Std AR(1) MS % TC %
  Forest type: Heath
General 37 221 64 99 150 16.5 0.67 11 48 78.1* 5.0 30
South-
East
3 129 58 101 197 27.0 0.78 14 64 72.8* 4.9 32
North-
East
27 221 63 98 161 19.1 0.66 13 47 73.7* 4.5 24
Islands 7 135 74 100 129 11.6 0.43 10 59 80.7* 6.6 44
  Forest type: Mesotrophic
General 72 211 78 101 126 8.1 0.64 8 69 75.4* 7.1 41
South-
East
25 145 74 100 145 12.5 0.63 8 69 76.3* 7.9 44
North-
East
13 83 67 100 125 11.7 0.41 10 62 72.8* 3.7 25
Islands 23 210 76 101 128 11.1 0.45 9 58 77.2* 6.0 38
South-
West
11 89 63 101 133 14.1 0.53 10 48 56.1 3.4 8
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temperature and low amount of precipitation at that time was limiting 
the increment growth of pine. The analysis showed that in the southwest 
of Estonia in mesotrophic forest site types, precipitation in February has 
a significant positive influence on radial growth. Considering that Febru-
ary is one of the coldest months in Estonia, with the average temperature 
from -3.3 to -7.4 °C, a higher amount of precipitation (snow) would 
stimulate tree growth in spring. On the islands, precipitation in April 
has a significant negative impact on radial increment. The annual mean 
temperature is significantly positively correlated with tree-ring indices of 
pine in both sites.
The Cropper values were calculated from single tree curves for mes-
otrophic and heath forest sites in different regions as growing conditions 
varied. In mesotrophic forest sites significant extreme negative pointer 
years of 1929 and 1940 in the southwest region and 1934, a positive year, 
were detected; in the southeast region, an extreme negative pointer year 
was 1940 and a positive event year was 1945; in the northeast region, 
considerably negative pointer years were 1937 and 1985 and there were 
no significant positive years; on islands, significant negative years were 
1901, 1940, 1985 and the extreme positive pointer year was 1989. In 
heath forest sites significant negative extreme years were detected – 1906, 
1931, 1932 and 1942 in the southeast region, and positive years were 
1921, 1923, 1945, 1946, 1988, and 1997; in the northeast region, 
important positive extreme years were 1921, 1967, 1980, 1981, 1989, 
1990 and negative years were 1920, 1940, 1941 and 1985; on islands, 
significant positive years were 1910, 1938, 1945 and negative years were 
1940, 1941, and 1956.
5.4. Annual variation of Scots pine radial growth  
in Estonia and Finland
In the V study, two master chronologies (RGC and EXP) from two regions 
in Estonia and five regions in Finland (Table 4 in V; Figure 3 in V) were 
compared. The 46-year standardized chronologies ranging from 1960 to 
2005, developed by two detrending methods, the regional growth curve 
(RGC) and the negative exponent curve (EXP) are presented in Figure 8, 
respectively. Correlation coefficient with 95% confidence limits between 
the methods in regions in the radial growth variation from 1960 to 2005 
are shown in Table 9. The highest correlation was found in Finland (PK 
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region), r = 0.983, similar results in SO, EP and NE. These results indi-
cate a significantly high correlation between two detrending methods in 
regions. As the results of compared methods were close to each other, only 
the results of the RGC method are presented in further analysis.
The correlation coefficient between the index series of analyzed regions 
in Finland and Estonia is presented in study V (Table 6). No significant 
correlation was found between the chronologies in Sodankylä, located 
in northern Finland, and the southern study sites (regions). Indexes on 
Hiiumaa Island (HI), located on the west coast of Estonia and in the 
eastern part of the Baltic Sea, were in significant correlation with the 
chronologies in southern regions (EK and EP) in Finland and northeast 
of Estonia, respectively. The results show significant correlation between 
growth variations in closely located regions (Figure 9).
Figure 8. Standardized chronologies of Scots pine in different regions in Estonia and 
Finland.
Table 9. Correlation matrix between the RGC and EXP chronologies in each region.
Regions EK EP OP PK SO HI NE
Correl. coef. 0.917 0.981 0.963 0.983 0.982 0.868 0.975
Lower limit 0.853 0.965 0.933 0.969 0.967 0.771 0.955
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5.4.1.1. Monthly weather data
Negative correlation was found between increment indices and the tem-
perature in August of the previous year (t_8) in regions HI, EK, PK, 
and positive correlation in region SO (Table 7 in V). The temperature in 
September of the previous year (t_9) had positive correlation in OP, while 
the temperature in December (t_12) had negative correlation in NE. The 
temperature in March of the current year (t3) correlated positively in EP 
and SO, as well as the temperature in April (t4) in EP. In SO, the tem-
perature in July of the current year (t7) had positive correlation, and the 
temperature in August (t8) had negative correlation in HI. In EP and OP, 
the annual temperature sum (Tsum) also had positive correlation, while 
in SO, positive correlation was also found between the temperature sum 
(Tsveg) and mean temperatures (Tmveg) during the vegetation period 
(from May to August).
In different regions, the sum of precipitation had positive correlation in 
August (p_8) and December of the previous year (p_12), as well as in 
Figure 9. Spatial synchrony of dendrochronological data. Correlations between the 
chronologies decline as a function of geographical distance between centers of chronol-
ogy regions. This is indicated by the negative slope of the trendline.



















March (p3), May (p5) and August of the current year (p8) (Table 7 in 
V; Figure 5 in V). Furthermore, the precipitation sum during the whole 
growing season (Psveg) had positive correlation in HI. Negative correla-
tion was only found with the precipitation sum in April of the current 
year (p4) in EK.
5.4.1.2. Weather variables for two-week periods 
It is possible to use daily weather data to get more information about the 
effects between specific climate periods and increment indices. Figure 6 
(V) shows the results of the analysis between mean temperatures and indi-
ces, respectively for each month for the first (w1 – from days 1-15) and 
the second half (w2 – from days 16-31) (Table 3 in V). Also, correlation 
between indices and the precipitation sum was estimated for two-week 
periods, illustrated in Figure 7 (V) and presented in Table 7 (V). Positive 
correlation was found between indices and the temperature in the second 
part of September of the previous year (t_9w2) in OP. Temperature in 
the beginning of December (t_12w1) of the previous year had negative 
correlation in HI, while positive correlation in the same region occurred 
with the temperature in the beginning of January of the current year 
(t1w1). Temperatures in the end of March of the current year (t3w2) and 
in the beginning of April (t4w1) had positive correlation in EP and HI, 
respectively. Positive correlation was also found between the temperature 
in the beginning of May (t5w1) and increment indices in SO. The tem-
perature in the second half of June (t6w2) had positive correlation in EP, 
PK and NE. In SO, the temperature in the beginning of July (t7w1) also 
had positive correlation with growth indices.
The estimated correlations between the increment indices and precipi-
tation sum in two-week periods are given in Figure 7 (V) (Table 7 in 
V). In EP, OP and NE, precipitation in the beginning of August of the 
previous year (p_8w1) had positive correlation. Positive correlation was 
also found between the indices and precipitation sum in the beginning 
of December of the previous year (p_12w1) in EK and EP. In EK, the 
precipitation sum at the end of April (p4w2) had negative correlation, 
also the precipitation in the beginning of May (p5w1) in EP, while in SO, 
precipitation at end of May (p5w2) had positive correlation. During the 
growing season, precipitation in the beginning of July (p7w1) had nega-
tive correlation in SO. Positive correlation was found between precipita-
tion in the beginning and end of August (p8w1, w2) in NE.
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5.4.1.3. Weather variables for ten-day periods 
Positive correlation was detected between increment indices and tempera-
ture in the middle of September (t_9p2) in NE and OP (Table 7 in V; 
Figure 8 in V). In HI, temperature at the end of December of the previ-
ous year (t_12p3) and in the beginning of January (t1p1) had positive 
correlation with growth indexes. Temperature in the end of March (t3p3) 
and in the beginning of April (t4p1) had positive correlation in EP, SO 
and EK, EP, OP, HI, respectively. In SO, temperature in the beginning 
of May (t5p1) had positive correlation. Positive correlation was found in 
NE in temperature in the beginning of June (t6p1) and also in the end 
of the same month (t6p3) in EP and PK. Positive correlation was found 
between indices and temperature in the middle of July (t7p2) in SO. 
In HI, temperature at the end of August of the current year (t8p3) had 
negative correlation with radial growth.
In HI and PK, positive correlation occurred between the precipitation in 
August of the previous year, in the middle and end of the month (p_8p2, 
p3), respectively (Table 7 in V; Figure 9 in V). Negative correlation was 
found between indices and precipitation in the middle of October of the 
previous year (p_10p2) in NE. Precipitation in the middle of December 
of the previous year (p_12p2) had positive correlation in EK, EP and 
HI. In the end of March (p3p3) precipitation had positive correlation in 
EP, while negative correlation occurred in mid April (p4p2) in EK and 
positive correlation in SO. In the beginning of May (p5p1) negative cor-
relation between growth indices and precipitation in EP was found, while 
positive correlation was found at the end of the same month (p5p3) in EP, 
PK, SO. SO had negative correlation between indices and precipitation 
in the beginning of July (p7p1). Positive correlation was found between 
increment indices and precipitation in the beginning of August (p8p1) 
in HI and NE and also at the end of the month (p8p3) in NE.
5.4.1.4. Periods with extreme weather conditions
Significant correlation was found between the weather variables listed 
in Table 3 (V) and radial growth indices in this study (Table 7 in V; 
Figure 10 in V). The annual temperature sum (Tsum) correlated posi-
tively in regions EP and OP. In HI, positive correlation occurred with 
several weather variables, like the precipitation sum in vegetation period 
(Psveg), annual precipitation sum (Psum), annual precipitation sum of 
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high rainfall and length (Ps10 and Pn10, respectively) and the annual 
temperature sum below 0 °C or -5 °C (Ts0 and Ts_5, respectively). Tem-
perature (length of frost period below -5°C (Tn_5) or -10 °C (Tn_10), 
also the annual temperature sum over +20°C (Ts20) or +25 °C (Ts25)) 
had negative correlation in HI. In NE positive correlation was found 
between mean temperatures of the first part of the vegetation period 
(Tm5a) and increment indices. The length of the vegetation period (Tn5, 
Tn5a) correlated negatively in EK. These results indicate that precipita-
tion had a positive effect on growth in southern regions and temperature 
is limiting tree growth in northern regions.
5.4.2. Pointer year analysis
Strong and extreme pointer years were identified in different regions in 
Finland and Estonia (Table 10). In Finland, significant negative pointer 
years 1992 (--) and 2003 in EK were detected and 1967 (++) and 1990 
were positive years; in EP, negative pointer years were 1963 (--) and 2003 
(--), while positive event years were 1975 (++) and 1990; in OP consider-
ably positive pointer years were 1967 and 1975 (++); significant positive 
pointer years were 1967 (++), 1975 and 1988 (++) in PK; in SO, the 
negative event year was 1981 and the positive year 1976 (++). In Esto-
nia, the significant negative event year was detected to be 2003 in HI, 
and positive years were 1967 and 1980; in NE, important positive years 
were 1967 (++), 1980/1981 (++), and 1989/1990 (++). The pointer year 
analysis identified a total of 11 extreme event years. A relevant positive 
pointer year 1967 was detected in EK, OP, PK, HI and NE, while the 
negative pointer year was 2003 in EK, EP and HI. The results of pointer 
year analysis indicate the different weather variables which have the essen-
tial effect on the sharp decrease or increase in the radial growth of pine 
trees in the studied period (1960-2005).
50
Table 10. Pointer years in different regions; positive (++) extreme and (+) strong years, 
negative (--) extreme and (-) strong years, respectively.
Year EK EP OP PK SO HI NE Comments
1963 - - EP: low annual temperature sum Tsum=1286°C
1967 + + + + + + + + EK: growing season started in the middle of 
May t5=+7.6°C; OP: vegetation period started 
in the middle of May t5=+6°C; HI: mild winter 
(t_12…t2) Tm=-2.9°C, high amount of precipi-
tation during growing season Psveg=264.8 mm; 
NE: no significant weather event recorded in 
this year
1975 + + + + + EP: mild winter (t_12…t2) Tm=-3.03°C, 
growing season started in the end of April 
t4=+5.1°C; OP: mild winter (t_12…t2) Tm=-
3.9°C and vegetation period started in the 
beginning of May t5=+8.1°C; PK: annual daily 
Tsum=1841.8°C and rainy previous year August 
p_8=145 mm
1976 + + SO: no extreme weather events recorded in this 
year
1980 + + + HI: no extreme weather events recorded in 
this year; NE: warm winter, vegetation period 
started in the end of April t4=+6.8°C
1981 - + + SO: high amount of preciptiation during grow-
ing season Psveg=290.5 mm; NE: warm winter, 
growing season started in the beginning of May 
t5=+5.9°C
1988 + + PK: August of previous was rainy p_8=140 mm
1989 + + NE: warm winter (t_12…t2) prior to the grow-
ing season Tm=-0.4°C, vegetation period started 
in mid April t4=+7.5°C
1990 + + + + EK: high annual temperature 1989/90, growing 
season started early in April t4=+5.3°C; EP: no 
extrem weather events in this year; NE: warmer 
winter (t_12…t2) prior the growing season 
Tm=-0.9°C, vegetation period started in the end 
of April t4=+7.6°C
1992 - - EK: no weather extremes recorded for this year
2003 - - - - EK: beginning of January was very cold t1=-
24.7°C; EP: dry and hot August of the previous 
year t_8=+17.7°C, p_8=28.7mm; HI: dry and 
hot summer of previous year affected the radial 
growth of trees in this year
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6. DISCUSSION
Due to rapid development of the methods of information technology and 
applied statistics, forest modelling is continually an interesting research 
topic in the whole world. In boreal and temperate forests the individual 
tree-models are most appropriate for simulation of complex forests and 
estimation of management effect (Rennols et al., 2007). Comprehensive 
reviews on forest growth modelling have been published (Amaro et al., 
2003; Hasenauer, 2006; Pretzsch et al., 2007; Vanclay, 2003) where a 
large variety of forest growth models are demonstrated. 
The relevance of growth and yield models as an instrument to study and 
simulate forest stands’ growth and development has been subjected to 
many discussions during recent decades. The main considerations have 
been related to the need for a better response to changing user needs and 
environmental conditions, including: a substantial shift from the preva-
lence of pure to mixed stands, changing treatments of stands which differ 
significantly from the treatment most yield tables are based on, a change 
from even-aged to uneven-aged management methods and changing 
growth conditions (Teuffel et al., 2006).
For reliable models, it is necessary to use tree and stand regularities from 
all possible data sets. Very valuable are long-term data-series from the old 
permanent sample plots (Kangur et al., 2005), however, due to irregular 
measurements using Estonian long-term data from forest experiments 
is complicated (Sims et al., 2009). As an example for Estonia, the dis-
tance independent single-tree model based simulation system MOTTI 
(Hynynen et al., 2002) has been elaborated in the Finnish Forest Research 
Institute. For model calibration, the NFI data can be used. The growth 
and yield research has based on extensive empirical data that were col-
lected from a number of experiments. The stand-level growth model pres-
ently used in Estonia (Kiviste, 1997; Kiviste and Kiviste, 2009) has been 
constructed on the basis of forest inventory data from 1984-1993. The 
model describes the average height, diameter, and volume of Estonian 
state forest stands depending on stand age and site variables by main 
species only. However, Kiviste’s (1997) model does not meet the require-
ments for the Decision Support Systems of Forest Management because 
there is no input for the effects of thinning, drainage, fertilization and 
other forest management activities. 
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For monitoring forest growth in Estonia, the ENFRP was started in 
1995. The ENFRP represents the most common forest types in Estonia. 
The ENFRP is a good data-generator for testing and building models 
for Estonia. Data from repeatedly measured long-term growth and yield 
permanent sample plots provide enough variation in growth factors (e.g. 
stand densities) in order to study the growth patterns of stands and trees 
growing in different conditions. Additionally, forest growth models of 
neighboring countries should be tested on ENFRP data (I).
Methods of mathematical statistics enable to detect outliers from the 
measurement data of the ENFRP. Routine inspection of the ENFRP for 
outliers was necessary, because outliers can provide useful information 
about the data. However, comparative studies between different meth-
ods for determining their accuracy are rare (Haara and Leskinen, 2009). 
In earlier literature, Kangas (1996) found that the models for observed 
errors were feasible for assessing the uncertainty of growth and yield pre-
dictions. Canavan and Hann (2004) used the two-stage error distribution 
method for modelling error distribution on forestry data and proposed 
it for error modelling in the future. The consequences of measurement 
errors in forestry data have been examined and are summarized in Cana-
van (2002).
Many statistical techniques are sensitive to the presence of outliers and 
measurement errors. Outlier detection rules sometimes falsely identify 
observation as outliers or certain popular outlier detection rules are inca-
pable of identifying gross outliers in some situations (Iglewizc and Hoa-
glin, 1993). Practical methods should balance these two types of errors. 
Removing the outliers may not be appropriate in the case where models 
are fitted for forestry practice, which allows large within-stand varia-
tion (e.g. uneven-aged forestry). While outliers (not measuring errors) 
are removed, the distribution of data is not representative for the new 
models.
Control measurements showed that among the outlier trees (in diameter 
distribution), there were rather few measurement errors. The study of 
outlier trees, checked during fieldwork, revealed that most of the out-
liers represented in observations were too divergent from the average 
diameter of a forest component, i.e. extreme values. In most cases, the 
detected outliers turned out to be single trees, dissimilar to other trees 
(‘wolf trees’). An analysis of methods to detect outliers among height 
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model residuals, based on the initial data from the permanent sample 
plots, showed that the determinants of the issued outliers were parameters 
like tree stem damage, defects, growth conditions and stand provenance. 
Namely, in planted stands, where the average height of measured trees 
was more or less equal, the observations, which were too divergent from 
the average diameter of the forest component, not incorrectly measured, 
were issued as outliers (II).
Tree mortality is a key factor in understanding forest dynamics. The accu-
racy and relevance of a growth equation depends greatly on the accuracy 
of predicting tree survival (Yang et al., 2003). The survival model could 
be used for building a distance-independent individual tree growth model 
for Estonian stands. 
The present study has shown which tree and stand variables affect tree 
survival probability most in Estonian forests. In the III study, one model 
was developed for all tree species. The effect of tree species of survival 
rate was included in the model using categorical variables referring to 
species. Also, separate models were developed for different stages of stand 
development, while at different development stages different processes 
influence tree survival. 
The difference in the survival probability in the layers in a stand is largely 
caused by differences in the relative diameter. Much less viable were the 
shrub layer trees. The relatively high viability of the regeneration and 
second layer trees is probably due to the fact that spruce, a shade-tolerant 
tree species, is very prominent in these layers, and is found here in greater 
proportions than in the first storey and in the shrub layer (III).
In the entire dataset, the influence of each variable on tree survival was 
first investigated individually without considering the influence of other 
variables. Tree survival probability EJ depended most on the relative 
height of a tree HNLSS. As mentioned before, the tree heights which 
were not measured were calculated using a diameter-height model. For 
the total database, the second most important variable was the tree rela-
tive diameter DS. But in middle-aged and older stands this variable was 
not in the first triple. The third most important variable in the total data 
set was BALS (the ratio between the relative basal area of larger trees and 
the stand basal area). On the data set, grouped into stand development 
stages, the variable BALS was not inside the first ones. Considering the 
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total data set, effective variables were also both Hegyi competition indices 
(HEGH and HEG5) and tree height H, tree diameter D and the basal 
area of larger trees BAL. Stand variables (both versions of relative density 
and quality class) and tree species were clearly less important than the 
measured variables which characterize the relative state of a tree. The study 
revealed that it is useful to divide the total data set into three development 
stages defined by dominant tree species and age: young, middle-aged and 
maturing, mature and very old stands. In each of these categories, differ-
ent influencing factors turned out to be dominant (III).
For modelling individual diameter growth, it would be necessary to 
consider the influence of climate factors on diameter increment dur-
ing past decades by using dendrochronological data (tree-ring indices) 
(Mielikäinen, 1985; Zahner, 1988; Hynynen, 1995; Gaucherela et al., 
2008). Examining past relationships between tree growth and climate in 
Estonia will help us to understand how tree growth in pine forests might 
be affected (IV).
While building up the general dendrochronology (IV) it is important to 
retain growth fluctuations by climate factors within the chronology, when 
larger areas are being summarized, with different growing conditions. 
However, tree-ring growth was significantly negatively correlated with 
the temperature in August of the previous year and positively correlated 
with sum of the precipitation of this month. This indicates that high 
temperature and low amount of precipitation at that time was limiting 
the diameter increment of pine.
The analysis of pointer years (IV) identified 19 positive and 19 negative 
years in mesotrophic forest site types, and 34 positive and 27 negative 
years in heath forest site types. According to analyses, 1940 and 1985 
were the most significant negative years. The records of EMHI prove 
that the most severe winters over the past century occurred in 1939/40, 
1940/41, 1941/42 and cold winters in 1984/85, 1986/87, and 1995/96. 
This indicates that the cold winter prior to the growing season and late 
spring (mean T Mar-May +2.4 °C) affected the radial increment of pine 
tree growth and it was the main cause for the sharp decrease in radial 
growth. Similar results were obtained in Estonia by Läänelaid and Eck-
stein (2003) and in Lithuania by Vitas (2008). Extreme events usually last 
only a few months and the organism can survive these conditions (Ahas 
et al., 2000), but the influence of extreme events may last for several 
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years (Jaagus et al., 2003). In most cases, a severe winter is followed by a 
late, cool spring and an early and warm spring followed by a mild winter 
(Jaagus et al., 2003). The pointer year analysis revealed that significant 
positive pointer years were 1945, 1946, 1989 and 1990. According to 
the EMHI, warm winters appeared in 1945 (mean T Dec-Feb -3.9 °C), 
1946 (mean T Dec-Feb -6.4 °C), 1988/89 (mean T Dec-Feb -1.0 °C) 
and 1999/2000 (mean T Dec-Feb -1.7 °C). Even though in 1946 the 
average winter temperature was below average (long period mean T -5.6 
°C), it seems that the warm winter of the previous year had a positive 
effect on increment growth. Temperature may be considered as the most 
important single factor initiating growth activity (Vaganov et al., 2006); 
however, low humidity can cause an earlier termination of growth in a 
season (Fritts, 1976), in our case in heath forest site types. It is confirmed 
by Jaagus (2006) and Jaagus et al. (2003) that beside temperature, pre-
cipitation has the most profound effect on growth; however, precipitation 
is an extremely unstable climate variable, which makes long-term changes 
almost impossible to predict (IV).
The association between tree growth and weather variables indicate the 
usefulness of this pine species in dendroclimatic studies. The comparison 
of data from several sites will identify common changes in tree growth, 
which represents important evidence of large, regionally representative 
climate-based growth variations. Regional differences between sites indi-
cate local differences in growing conditions (V).
We studied the spatial correlation between index series and correlation 
between climatic factors and the diameter increment of Scots pine (Pinus 
sylvestris L.) growing in dry and sandy site types in different regions in 
Finland and Estonia. Diverse climate parameters which have an effect on 
the radial growth of pine trees are found in different regions. A similar 
climate impact to the radial growth in mean temperature and the sum of 
precipitation in August of the previous year was found in several regions 
(HI, EK, OP, PK), which means that drought could be the main growth 
limiting factor in several regions. Weather parameters from January till 
April were more important in the south, compared to the north, where 
the summer (July) was significant. The correlations between spring tem-
peratures (mid-March – early April) and diameter increment also seem 
to be positive in some regions. This relationship is interesting and it 
has been reported in some early Nordic studies (e.g. Laitakari, 1920; 
Holmsgaard, 1955; Jonsson 1969). A recent study by Holopainen et al. 
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(2006) also found that the correlation between spring temperatures and 
tree-rings had been, at least in southern Finland, strongest at the end of 
the 1800s and in the beginning of the 1900s (V).
Environmental factors influencing tree growth and their temporal vari-
ation may naturally be rather different in the seven regions. It is logical 
to expect a decline in radial growth and changes in factors controlling 
tree growth in the northern sites in comparison with the southern ones. 
There are differences in the timing and duration of the growing season, 
as well as in climatic conditions, most noticeably from North to South 
(Briffa et al., 1987; Mäkinen et al., 2002). Going from North to South, 
tree-growth becomes less affected by growing season temperatures and 
more affected by e.g. precipitation (Lindholm et al., 1997). Therefore, 
climatic prerequisites for tree growth are expected to change gradually 
from South to North throughout the temperate and boreal zones (Hof-
gaard et al., 1999) (V).
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7. CONCLUSIONS
This thesis presents the results of applications of dendroclimatologi-
cal methods in Estonia for forest growth modelling. Due to changing 
environmental conditions and changing forest management objectives, 
updated information about trees and their growth is needed. Tree-rings 
and re-measured ENFRPs are valuable tools to provide information about 
tree growth and growth reactions. 
The tree-wise permanent sample plot network is re-measured at five-year 
intervals for maintaining forest growth models for Estonia. The ENFRP 
is a good data-generator for testing and building models for sustain-
able forest management in Estonia (I). The collected data have been 
used for the modelling of forest structure and for pilot studies in growth 
analysis, for example 1) diameter distribution models (Laas and Lukas, 
2000; Kiviste et al., 2003; Merenäkk, 2006), 2) diameter and height 
relationships (Kiviste et al., 2003), 3) crown models (Lang et al., 2007), 
4) competition indices (Raudsaar, 2003), 5) spatial structure of trees (Kir-
simägi and Suu, 2001), 6) individual-trees and stand diameter and height 
growth models (Tagen, 2009), 7) survival (mortality) probability models 
(Kiviste et al., 2005; Sims et al., 2009), 8) permanent sample plots GIS 
(Geographical Information System) (Lang et al., 2007), and 9) measure-
ment errors/outliers study (Hordo, 2004; Hordo, 2005; Hordo et al., 
2005); 10) developing information system for forest management models 
and datasets (Sims, 2003; Sims, 2004; Sims et al., 2005).
The outliers’ detection system for ENFRP database was developed, 
while routine inspection provides information about the causes and 
consequences of measurement errors (II). In the outlier analysis, it was 
discovered that most of the outliers tested and put out by the control 
program were caused by stand natural disturbance regime, like mortal-
ity, competition, spatial location, diseases, effect of weather (frost dam-
age, temperature), etc. Moreover, a large amount of the detected outliers 
in the changes of tree dimensions was caused by ungulate herbivores 
(like moose – eating spruce bark) or mechanical damages, wrong code 
of layer or wrong age group, etc. Additional re-measurements data from 
the ENFRP allow to update the statistical criteria and models/methods 
used in the study.
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Tree survival was analyzed on a dataset that includes 31 097 trees from 
236 research plots, measured twice during the period of 1995-2004. 
During the 5-year period between measurements, altogether 2 319 trees 
(7.5%) had died (dead standing, fallen or broken). The present study 
(III) has shown which tree and stand variables affect tree survival prob-
ability most in Estonian forests. Stand variables and tree species were 
clearly less important than the measured variables which characterize the 
relative state of a tree. The study revealed that it is useful to divide the 
total data set into three development stages defined by dominant tree 
species and age: young, middle-aged and maturing, mature and very old 
stands. In each of these categories, different influencing factors turned 
out to be dominant. Currently the first models for individual-tree growth 
and mortality prediction have already been developed in Estonia. 
Diverse weather parameters are found in different regions, affecting the 
radial growth of pine trees. The results of analysis indicate the importance 
of a daily weather variable, which help to detect the effect of a specific 
period on radial growth. In general, more detailed climate variables like 
daily data are more advanced data sets for detailed analysis and finding 
out the exact length of frost or heat period, the length of the grow-
ing season and also other significant variables which are influencing tree 
increment (IV; V).
The topic of research is relevant for several reasons. It helps to improve 
the understanding of the growth in Estonian forests under the chang-
ing weather conditions. Periodic (5-year) re-measurement of ENFRPs 
provides accurate estimates of tree condition and size at fixed intervals, 
the dendrochronological approach can provide annual resolution data 
that also follows the fate of individuals over time. The knowledge of the 
absence or presence of trends could be used in the decision-making proc-
ess or building a simulation system for Estonian forests. 
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DENDROKLIMATOLOOGILISTE MEETODITE KASUTAMINE 
PUISTU KASVUKÄIGU MODELLEERIMISEL
Kaasaja metsateaduse üheks olulisemaks ülesandeks on puistu kasvu ja 
struktuuri modelleerimine. Puistu kasvukäiku saab modelleerida erinevatel 
meetoditel, kusjuures meetodi valik sõltub  eelkõige andmete iseloomust. 
Metsade jätkusuutliku majandamise kavandamiseks sobivad paremini 
üksikpuu kasvuvõrranditel ja puude väljalangevusel põhinevad nn „uut 
tüüpi” mudelid (Hasenauer, 2006), mis asendavad edukalt seniseid puistu 
tasemel mudeleid juba paljudes riikides. Uut tüüpi mudelite eeliseks on 
see, et neid saab kasutada väga erineva struktuuri ja koosseisuga puistute 
kasvukäigu modelleerimiseks, alates  ühevanuselistest puhtpuistutest kuni 
erivanuseliste mitmerindeliste segapuistuteni välja. Uut tüüpi mudelite 
koostamise eeltingimuseks on sobiva andmestiku olemasolu. Eestis kasu-
tatakse selleks puistu kasvukäigu püsiproovitükkide võrgustiku andmeid, 
et pikaajaliste korduvmõõtmistega kirjeldada erinevate kasvukohtade ja 
vanustega puistute takseertunnuste dünaamikat üksikpuu tasemel. 
Eestis on dendrokronoloogilisi meetodeid kasutatud puistu kasvukäigu 
modelleerimisel suhteliselt tagasihoidlikult. Puu kasvu modelleerimisel 
peab ühe olulise tegurina arvestama ilmastikutingimusi. Seni on Eestis 
vähe uuritud, kuidas kliima ja ilmastik mõjutavad puu iga-aastast radiaal-
set kasvu. Samuti on oluline analüüsida, millised muutused toimuvad 
puude kasvus suuremal maa-alal, kaasates uurimusse naaberriike, et ana-
lüüsida klimaatiliste muutuste mõju puude kasvule regionaalselt. 
Käesoleva doktoritöö eesmärgid on järgmised:
• koostada empiirilise metsandusliku andmestiku kontrollimise, hin-
damise ja erindite avastamise meetodika ning selle abil tagada kvali-
teetne lähteandmestik puistu  kasvukäigu mudelite loomiseks (artik-
lid I ja II);
• võrrelda ja hinnata statistiliste erinditestide efektiivsust mõõtmisvi-
gade avastamisel (artiklid I ja II);
• selgitada, millised tunnused puu ja puistu tasemel mõjutavad puu 
väljalangevust puistus (artikkel III);
• koostada nõmme- ja palumännikute kronoloogiad (dendroskaalad) 
ning uurida, milliste kliimategurite mõju puude radiaalkasvule on 
oluline (artikkel IV);
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• võrrelda Eesti ja Soome nõmme-ja palumetsadest kogutud hariliku 
männi  puursüdamikel aastarõnga laiuse muutumist ja identifitsee-
rida näitaastad, samuti analüüsida ilmastiku mõju puude radiaalkas-
vule (artikkel V).
Doktoritöö tugineb viiele artiklile, mille lähteandmetena on kasutatud 1) 
Eesti Maaülikooli puistu kasvukäigu püsiproovitükkide võrgustiku and-
meid (artiklid I, II, III ja IV); 2) Eesti Maaülikooli puistu kasvukäigu 
püsiproovitükkide männipuude puursüdamike andmeid (artiklid IV ja 
V) ning 3) Soome Metsainstituudi statistilise metsainventeerimise proo-
vitükkidelt kogutud männipuude puursüdamike andmeid (artikkel V).
Puistu püsiproovitükkide mõõtmisandmetes ei saa vältida vigu mõõtmi-
sel, andmete protokollimisel või arvutisse sisestamisel. Vigade avastamine 
sõltub sellest, kui täpselt on teada mõõdetud tunnuste vahelised seosed 
ja jaotused. Mõõtmisandmetest on matemaatilise statistika meetoditega 
võimalik leida erindeid, mis võivad olla „jämedad vead” või „looduse kap-
riisid“. Puistu kasvukäigu püsiproovitükkide kordusmõõtmiste andmeil 
kontrolliti diameetri jaotusel põhinevaid ja kõrguse-diameetri regressioo-
nijääkide diagnostika meetodeil tuvastatud erindite tekkepõhjusi. Artiklis 
II kasutati püsiproovitükkide andmeid, mis mõõdeti 1999. aastal ning 
korduvmõõdistati 2004. aastal. Antud uurimistöös analüüsitud andmes-
tik sisaldab 18259 puu mõõtmisandmeid kokku 112 proovitükilt. Ühte-
kokku avastati erinditestiga 749 kahtlast kirjet (häiritust, erindit), neist 
415 diameetri (tabel 3) ja 508 kõrguse (tabel 4) osas ning need kontrolliti 
2004. aasta välitööde käigus. Diameetri jaotuste testide analüüsimisel 
selgus, et Dixoni test ja 2-sigma reegel avastavad mõõtmisandmetest roh-
kem erindeid/mõõtmisvigu kui Grubbsi test. Regressioonijääkide diag-
nostika meetoditest osutus kõige tundlikumaks erindite leidmise meeto-
diks Covratio (tabel 4) ning tõhusaimaks vigade avastamise meetodiks 
Studenti jääkide test. Selgus, et peamised põhjused erindi tekkes olid 
puistu looduslik häiritus (väljalangevus, konkurents, asukoht puistus, 
haigused, ilmastikutingimused (külmakahjustused, järsk temperatuuri 
muutus jne)), samuti rinde määramise viga ja teine metsapõlvkond. Seal-
hulgas oli erindite hulgas selliseid kirjeid, kus puu tüvekahjustus oli teki-
tatud ulukite poolt või tüvi oli mehaaniliselt vigastatud, samuti viltused 
puud või teistest oluliselt vanemad puud (artiklid I ja II).
Puistu kasvukäigu modelleerimisel on raskesti prognoositav puude välja-
langemise dünaamika. Käesoleva uurimuse tulemusena selgitati, millised 
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puu ja puistu takseertunnused mõjutavad puude ellujäämise tõenäosust 
kõige enam. Töös kasutati aastatel 1995-2004 kogutud puistu kasvukäigu 
püsiproovitükkide võrgustiku andmeid (31097 puu mõõtmisandmed 
kokku 236 proovitükilt). Puude väljalangevuse analüüsimisel (tabel 4 
artiklis III) selgus, et esimese rinde puude ellujäämistõenäosus on suu-
rem kui teise, alusmetsa ja järelkasvu rinnete puudel. Samas on allajäänud 
puude puhul (suhtelise diameetri 0,5 korral) järelkasvu ja teise rinde puu-
del suurem ellujäämistõenäosus kui esimese rinde puudel. Esimese rinde 
puudel mõjutavad puude väljalangevust kõige rohkem järgmised puu 
takseertunnused: puu suhteline kõrgus, puu suhteline diameeter, puust 
suuremate puude suhteline rinnaspindala, Hegyi konkurentsiindeks, puu 
rinnasdiameeter, puust suuremate puude rinnaspindala ja puu kõrgus. 
Samuti selgus, et mudeli väljatöötamiseks on mõttekas kogu andmestik 
jaotada peapuuliigi ja vanuse alusel kolme arenguklassi: noorendikud ja 
latiealised, keskealised ja valmivad, küpsed ja üleseisnud puistud, kusjuu-
res klasside sees osutusid tähtsaks erinevad mõjufaktorid. Saadud mude-
leid on võimalik kasutada puude väljalangevuse prognoosimiseks esialgse 
lähendina puistu kasvu imitatsioonmudelites (artikkel III).
Aastarõngastena puudesse talletunud informatsioon on leidnud laialdast 
kasutamist metsateaduses, klimatoloogias, keskkonnaseisundi hindami-
sel, dendrokronoloogias jm. Teatavasti sõltub puu kasv kõige enam kasvu 
piiravatest teguritest ja puu suurusest. Seetõttu on dendroklimatoloogilisi 
uuringuid kasutades võimalik kirjeldada puu aastarõnga laiuse variee-
ruvuse ja kliimategurite vahelist seost ning analüüsida kliimategurite 
mõju puu kasvule. Dendrokronoloogiliste meetodite rakendamisel on 
oluline elimineerida radiaalkasvu mõjutavatest ühistest välistest teguri-
test puu suurusest tingitud tegurid. Selleks kasutatakse standardiseerimist 
(indekseerimine, detrendimine), kus aastarõngaste laiuse asemel kasu-
tatakse nendest arvutatud juurdekasvuindekseid. Käesoleva uurimistöö 
(artikkel IV) eesmärk oli koostada puistu kasvukäigu püsiproovitükkide 
andmeil hariliku männi üldistatud dendroskaala ning uurida, millised 
klimaatilised tunnused mõjutavad aastast radiaalset juurdekasvu enim. 
Ühtekokku 889 puu puursüdamike andmeil koostati nõmme- ja palu-
männikute dendroskaalad (vastavalt aastatele 1786-2007 ja 1796-2007), 
kus mõõtmisandmeid standardiseeriti negatiivset eksponentkõverat kasu-
tades. Cropperi meetodiga selgitati puude aastarõngaste mõõtmisseeria-
test positiivsed ja negatiivsed ekstreemsed kasvuaastad ehk nn näitaastad. 
Teistest selgemini eristus mõlemas analüüsitud metsatüübis 1940. aasta 
(kitsad aastarõngad). Tuginedes Eesti Meteoroloogia ja Hüdroloogia Ins-
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tituudi kliimaandmetele on teada, et 1939/40. aasta talv oli pikk ning 
äärmiselt külm. Samuti oli selle talve mõju märgatav aastarõngaste laiuses 
veel järgnevatel kasvuaastatel. Ekstreemseks (negatiivseks) kasvuaastaks 
osutus lisaks ka 1985. aasta, positiivsetest kasvuaastatest eristusid teistest 
selgemalt aastad 1945, 1946, 1989 ja 1990. Aasta keskmist temperatuuri 
mõjutab kõige rohkem talvine temperatuur, mistõttu näiteks hilise ja 
jaheda kevade korral on oluliselt vähenenud puu radiaalne juurdekasv 
(Jaagus et al., 2002). Kliimaandmete ja radiaalse juurdekasvu indeksite 
vahelise korrelatsioonanalüüsi tulemusel selgus, et aasta keskmisel tempe-
ratuuril ja vegetatsiooniperioodi keskmisel temperatuuril on oluline mõju 
puude radiaalkasvule. Sademete mõju puude radiaalkasvule oli väheolu-
line (artikkel IV).
Puu aastarõngaste laiused varieeruvad seoses reageerimisega klimaatiliste 
ja kasvukeskkonnatingimuste muutustele ja just seetõttu talletub aasta-
rõngastes informatsioon kõigi puu kasvu mõjutavate tegurite osas, seda 
eelkõige aladel, kus puude kasv on eriti tundlik kliima suhtes (Fritts, 
1976). Artikli V eesmärk oli võrrelda Eesti ja Soome eri piirkondadest 
(joonis 1 artiklis V) kogutud hariliku männi puursüdamike andmeil aas-
tarõnga laiuse muutumist ning identifitseerida näitaastad, samuti ana-
lüüsida ilmastikutingimuste mõju puude radiaalkasvule. Puursüdami-
kud võeti elusatelt mändidelt puistu kasvukäigu püsiproovialadelt Eestis 
ning statistilise metsainventeerimise aladelt Soomes. Kokku 1024 puu 
aastarõngaste laiused mõõdeti 511 proovialalt (Eestis Calluna, Cladonia, 
Rhodococcum kasvukohatüüpides (Lõhmus, 2004) ja Soomes Vaccinium, 
Empetrum-Myrtillus, Empetrum-Vaccinium, Calluna, Myrtillus-Cladina, 
Cladina (Cajander, 1949) kasvukohatüüpides). Standardiseeritud juurde-
kasvuindeksite read (piirkondlikud dendroskaalad) koostati kõigile uuri-
tud piirkondadele. Standardiseerimiseks kasutati kahte meetodit: regio-
naalset kasvukõverat (RGC) ja negatiivset eksponentkõverat (EXP), kuid 
kliimaandmetega (ööpäevane temperatuur ja sademed) koos analüüsimi-
sel kasutati vaid RGC-meetodiga koostatud dendroskaalasid. Cropperi 
meetodit kasutati näitaastate (ekstreemsed positiivsed ja negatiivsed aas-
tad) kindlakstegemiseks piirkondade kaupa. Vastavalt analüüsi tulemus-
tele eristusid teistest aastatest 1967 ja 2000 kui positiivsed ekstreemaastad 
mitmes piirkonnas ning 1969. aasta kui negatiivne ekstreemaasta viies 
piirkonnas. Korrelatsioonanalüüsi tulemusel selgus, et peamiselt mõju-
tasid männipuude aastast radiaalset kasvu positiivselt sademete hulk ja 
negatiivselt temperatuur (kevadine temperatuur, põud jne). Mitmetes 
piirkondades (Hiiumaa, Lõuna-Karjala, Põhja-Karjala, Oulu-Pohjanmaa) 
79
omas olulist mõju männi radiaalkasvule eelneva kasvuaasta augustikuu 
keskmine temperatuur ja sademete summa. Sellest võiks järeldada, et 
möödunud aasta suvine põud võib olla peamine puude juurdekasvu 
limiteeriv faktor nimetatud piirkondades. Piirkonniti (Hiiumaa, Lõuna-
Karjala, Lõuna-Pohjanmaa, Oulu-Pohjanmaa, Sodankylä) ilmnes oluline 
positiivne seos ka varakevadise temperatuuri (märtsi keskpaigast aprilli 
alguseni) ja puu radiaalse juurdekasvu vahel. Käesoleva töö põhjal võib 
järeldada, et uuritud Eesti ja Soome piirkondades on ilmastiku (peamiselt 
temperatuur, vähem sademed) mõju puude radiaalkasvule lõunapoolsetes 
piirkondades oluliselt suurem kui põhjapoolsetes (artikkel V).
Käesolevas doktoritöös uuritud probleemid on olulised mitmel põhjusel. 
Töö tulemused laiendavad teadmisi puistu ja puu juurdekasvust ning 
neid mõjutavatest teguritest. Puistu kasvukäigu püsiproovitükkide võr-
gustiku andmeid on siiani kasutatud peamiselt puistu tasemel mudelite 
loomiseks, kuid kogutud andmestik võimaldab modelleerida puistu kas-
vukäiku ka üksikpuu tasemel, mis annab märksa detailsema vaate puis-
tute struktuurist ja dünaamikast. Koostatud puude radiaalkasvu indeksite 
seeriate abil on võimalik korrigeerida kasvuaastate ilmastikust tingitud 
mõju puistu kasvukäigu püsiproovitükkidel kahe mõõtmiskorra vahel 
(5-aastane mõõtmise intervall), mis on äärmiselt oluline diameetri juur-
dekasvu korrektsel modelleerimisel. Dendrokronoloogilised meetodid 
on kasulikud kõikjal, kus on vaja arvestada puu kasvu varieeruvust ajas, 
kuna aastarõngastes sisalduv informatsioon aitab aru saada puu kasvu-
tingimuste muutustest, ilmastiku iseärasustest, puistus tehtud töödest ja 
toimunud häiringutest. Dendrokronoloogiliste uuringute sidumine puis-
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The network of permanent sample plots for forest growth in Estonia 
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Abstract 
Both adequate forest stand descriptions and stand growth and structure models are needed for effective and 
sustainable forest management. The key to successful timber management is a proper understanding of growth 
processes, and one of the objectives of forest modeling is to provide the tools that enable foresters to compare 
alternative silvicultural approaches. Models of forest structure and growth are currently being developed in Estonia. 
Tree-wise re-measured permanent sample plot data are needed to create and maintain forest growth models for 
Estonia. A new network of permanent sample plots for monitoring the growth and yield of Estonian forests was 
established in 1995-2005. The network covers the main forest types and the current age distributions of commercial 
forests in Estonia. The radius of the circular plots ranges between 15 and 30 meters, such that each plot holds a 
minimum of 100 trees. The sample plots are re-measured at five-year intervals. The polar coordinates and the breast 
height diameters of all trees are measured. Additionally, the total height, the height to crown base and to the lowest 
dead branch of 20 percent selected sample trees are measured. Currently, the database of the Estonian network of 
permanent sample plots contains measurement data for 105 349 trees from 730 sample plots. Altogether 71 506 
trees in 492 permanent sample plots have been re-measured once, and 12 841 trees in 97 plots were re-measured 
two times. 
A hierarchical system of stand growth models which are compatible with, and based on, distance independent 
individual tree growth equations appears be most suitable for forest management in Estonia. Consequently, on the 
basis of re-measurement data, tree growth and mortality were analyzed, and preliminary models have been 
elaborated. For reliable forest growth modelling, however, data from 3-4 re-measurements (during the next 15-20 
years) would be needed. Nevertheless, the currently available data can be used for modelling of forest structure and 
dynamics, and for pilot studies exploring different methods of data analysis. 
The new network of permanent sample plots for monitoring the growth and yield of Estonian forests is being used 
by several scientists. It has already proven its worth as a good data source for testing and building models for 
sustainable forest management in Estonia. 
Introduction 
Models of forest stand growth and structure are the basis for planning forest management activities like cutting, 
thinning, regeneration etc. Both adequate forest stand descriptions and stand growth and structure models are 
needed for effective and sustainable forest management. The key to successful timber management is a proper 
understanding of growth processes, and one of the objectives of forest modeling is to provide the tools that enable 
foresters to compare alternative silvicultural approaches (GADOW AND HUI 1999). Models of forest structure and 
growth are currently being developed in Estonia. At the Estonian State Forest Management Centre, a computer 
based decision support system is being developed. Unfortunately, forest models used in the system should be 
improved (NILSON 1999). 
According to forestry literature from last decades (HÄGGLUND 1981, SÖDENBERG 1986, NABUURS AND
PÄIVINEN 1996, HYNYNEN ET AL. 2002, PRETZCH ET AL. 2002), traditional growth and yield tables and 
equations approximating them are being replaced with more sophisticated stand growth simulators. The stand 
growth simulators based on individual tree growth models used in the Finnish MELA (HYNYNEN ET AL. 2002), 
the Swedish HUGIN (HÄGGLUND 1981), the Austrian PrognAus (LEDERMANN 2006) and MOSES 
(HASENAUER ET AL. 2006), the German BWINPro (NAGEL AND SCHMIDT 2006) and SILVA (PRETZSCH ET 
AL. 2006) would be acceptable types of growth model in a computer-based decision support system. However, 
much effort is required to establish and maintain long-term observations on permanent forest growth plots. 
According to results form Finland (HYNUNEN ET AL. 2002), data from at least 3-4 plot re-measurements (over 15-
20 years) is required for reliable forest growth modelling. This period should be long enough to smooth out annual 
climate fluctuations. 
Since today, in Estonia has been established several data sources, what has been used for forest growth and yield 
modelling: temporary plot data, stem analysis data, traditional forest inventory data, permanent research plot data, 
national Forest Inventory (NFI) data and new network of forest growth permanent plots (KIVISTE 1999). A growth 
model enables reasonable predictions to be made about tree growth and stand development. This purpose may be 
achieved in different ways, depending on the priorities of the user (GADOW 1996). For establishing the network of 
permanent sample plots, the Finnish permanent sample plot system INKA (Inventory growth plots), TINKA 
(Young forest inventory growth plots) and SINKA (Inventory growth plots on peatlands) (HYNYNEN 2001) were 
used. According the methodology, these were regarded as the most representative material available for modelling 
purposes. 
83
DVFFA – Sektion Ertragskunde, Jahrestagung 2006 
116
A growth model is a synthesis of dynamic inventory data indicating growth and change in the forest. These data 
may be obtained from permanent plots. Permanent plots established to provide data for growth modelling should be 
designed to satisfy this primary need, and should not be compromised in order to satisfy secondary needs. They to 
not need to provide resource inventory data efficiently, as alternative sampling procedures can fulfill that need 
(VANCLAY 1994). The disadvantages are, at first that it takes years to get representative data set (problems with 
financing, disturbances on plots, changes in methodology and field-teams) and secondly additional time cost to 
determine the location of sample plots. 
An all-Estonian network of permanent forest growth plots has been designed after a similar Finnish system 
(GUSTAVSEN ET AL. 1988) to provide empirical data for the models. The measurements of permanent sample 
plots with tree coordinates were started by U. Peterson in 1995. By now, 730 permanent sample plots have been 
measured. This paper presents the methods used on and the status in 2005 of the network of permanent sample 
plots. 
Method 
Growth modellers need data to develop models, to test models, and to use models, and each of these tree activities 
may require data of a different nature. One of the main principles in collecting data for growth modelling is to 
sample the full range of site and stand conditions, so that model predictions may be interpolated rather than 
extrapolated (at least in the sense of stand conditions etc) (VANCLAY 1994). 
A method for establishing a network of permanent forest growth plots was developed at the Department of Forest 
Management of the Estonian Agricultural University. The following principles were used for designing the network 
of permanent forest growth plots (KIVISTE AND HORDO 2002, 2003). 
 A long series of re-measured permanent plots would provide the best data for the modelling of forest stand 
growth.  
 All basic forest types and age and density classes should be represented throughout Estonia.  
 The plots should be randomly placed.  
 In addition to measurements of trees, tree coordinates on the plots should be determined in order to find the same 
trees at the next re-measuring and to enable the construction of both distance-independent and distance-dependent 
models.  
 Forest growth plots should be large enough to clearly characterize stand regularities.  
 The network of permanent sample plots should be connected as much as possible with the European forest-
monitoring program ICP FOREST I, with the network of National Forest Inventory and with previous research 
areas for the effective and multiple use of the measurement data. 
The method of establishing permanent forest growth plots is mainly based on the experience of the Finnish Forest 
Research Institute (GUSTAVSEN ET AL. 1988). Some recommendations were taken into consideration from Curtis 
(1983). The codes of species, site types, faults and measurement units were taken from the Estonian NFI 
instructions (STATISTILISE ... 1999). The following procedures characterize the method. 
 The compartments for plots were selected before the beginning of fieldwork according to the desired plot 
distribution (Table 1). For the placement of plot regions, the grid of the European forest-monitoring program ICP 
FOREST I (KAROLES ET AL. 2000) was used. Also, the grid of the Estonian National Forest Inventory was used to 
position plot centres. To save on transport costs, 2 or 3 pairs of surveyors worked together establishing several plots 
in the same plot region.  
 All trees were measured on circular plots with a radius of 15, 20, 25 or 30 meters (Figure 1) to get at least 100 
first-storey trees. Smaller trees (second-storey and under-storey trees) were measured in an inner circle with a 
radius of 8 (the outer circle 15 m) or 10 (the outer circle more than 15 m) meters.  
 Measurements on plots were carried out by pairs of researchers. The recorder at the plot centre measured the 
azimuth and the measurer measured the distance from the plot centre, the breast height diameter in two directions 
and the faults of each tree. The measured trees were marked with a coloured spot at a height of 1.3 meters. Every 
fifth tree, dominant trees, trees of rare species and trees in the inner circle were measured as sample trees. For 
sample trees, the total height, the crown height and the height of dead branches were also measured. Crown height 
was defined as the height of the lowest live contiguous whorl. In addition to living trees, the coordinates and 
diameters of standing dead trees and fresh stumps were measured.  
 The main instruments for tree measurements were a compass, a calliper and a hypsometer “Forester Vertex”.  
 The age of stand components was determined by counting tree rings from cores extracted from sample trees. The 
thickness of the soil organic layer was measured in several locations on the plot.  
 A metal or plastic stick was used to mark the plot centre. In addition, a couple of trees near the plot centre were 
marked with a coloured circle for easier location in 5 years’ time. The geographical coordinates of plot centres were 
determined using a GPS device. The plots and their neighbouring objects (roads, ditches, rocks, etc.) were mapped. 
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Figure 1: Map of trees: MA-Pinus sylvestris, KU-Picea abies, KS-Betula pendula, HB-Populus tremula, LV-Alnus
incana, LM-Alnus glutinosa, JT-other tree species. Label of the layers: º 1st storey,  2nd storey, �
aftergrowth, �  undergroth,  dead trees, + stubs, - stumps 
The network of permanent sample plots 
In Estonia, the first permanent forest growth plots, with tree coordinates, were established by Urmas Peterson in the 
Pikknurme and Aakre forest districts (Central Estonia) in 1995-1996. In 1997-1998, plots of the same type were 
established in the Sagadi forest district (North Estonia) and in several areas of south Estonia. During those years, 
various instruments and methods were tried. As a result, an optimal fieldwork technique was developed. In 1999, a 
network of permanent forest growth plots to cover the whole of Estonia was designed. From 1999 to 2005, about 
100 permanent sample plots were established each year. Figure 2 show that the plots cover most of Estonia.  
Figure 2: The network of permanent forest growth plots in Estonia established in 1995-2005. Each circle on the 
map represents a group of plots 
Figure 2 shows heterogeneous placement of groups of plots. Most plots are placed according to the regular grid of 
the European forest-monitoring program ICP FOREST I. The frequent groups of plots in north and central Estonia 
also indicate previously established research areas. 
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Table 1: Distribution of permanent sample plots by the main forest site types 






Herb-rich mixed 111 58
Dwarf-shrub-sphagnum 12 8
Grass fen 17 7
Bog moss 24 13
Full drained swamp 49 35
Total 573 730
The sample plots are re-measured at five-year intervals. At present, 730 permanent sample plots are established, 
492 of which are already re-measured once and 97 plots two times (Figure 3). Figure 4 show that most of 
permanent sample plots are established in pine stands. Pine (Pinus sylvestris), spruce (Picea abies) and birch 
























Figure 3: Distribution of permanent sample plots by dominant tree species and measurements 
Total of 101 374 live trees are recorded at the first measurement, 33 058 of those are sample trees. At the second 
measure total of 61 361 live trees are recorded, 21 278 of those are sample trees and at the third measure total of 
10 224 live trees are recorded, 3 465 of those are sample tree. Total of 189 696 measurement records, including 
dead trees, are at the current database. At present, Figure 4 show that most common tree species (pine, spruce and 



























Figure 4: Distribution of permanent sample plots by age classes and dominant species 
Data anaysis 
The network of permanent sample plots data analysis purpose is to develop, to test stand growth models based on 
individual tree growth and mortality equations for sustainable forest management in Estonia. At the moment there 
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is a drawback, for reliable forest growth modeling, data from 3-4 re-measurements (during 15-20 years) would be 
needed. Nevertheless, collected data can be used for modelling of forest structure and for pilot studies in growth 
data analysis, for example 1) diameter distribution models, 2) diameter and height relationships (KIVISTE ET AL. 
2003), 3) crown models, 4) competition indices, 5) spatial structure of trees, 6) individual-trees and stand diameter 
and height growth models, 7) survival (mortality) probability models (KIVISTE ET AL. 2005), 8) permanent sample 
plots GIS (Geographical Information System) (LANG ET AL. 2006), and 9) measurement errors / outliers study
(HORDO 2004; HORDO 2005; HORDO ET AL. 2005); 10) developing information system for forest management 
models and datasets (SIMS 2003, SIMS 2004, SIMS ET AL. 2005). 
Routine inspection of forest plot measurement data for outliers was necessary because it provided information 
about the causes and consequences of measurement errors. For the detection of outliers, several statistical methods 
were tested. Empirical distributions of most tree variables by species and storey were analyzed using Grubb’s test, 
Dixon’s test and the 4-sigma region method. Multivariate methods (height curves, residual diagnostics, logistic 
regression) were used for detecting outliers in the interaction of several variables. A Visual FoxPro program was 
elaborated for detecting measurement errors and outliers in the forest sample plot data. The program can be easily 
adapted for all types of forest sample plot data collected in different ways. Additional re-measurement data will 
give a chance to update the statistical criteria and models used in the program and make it more sensitive (HORDO 
2004). 
Scientific activity as a whole is somehow related to creating, applying or checking models. In a forestry information 
system it is now possible to use information on forestry in the form of models. The aim of the database of forest 
management models is to standardize the form of forest management models and to simplify working with them in 
application software. The database contains 12 tables. There are tables for formulas, constants, authors, papers, 
variables, etc. The application allows the testing of models. There are two different ways to test, one where a user 
can give some values to arguments and the results are drawn as a chart, and another where the results are calculated 
based on test data. The first one can be used with all models. It is the initial test to see if model constants and 
arguments are entered correctly. The second type of test is where results are calculated into a table using the test 
data. The database currently includes 181 forest measurement models from 10 countries. The database is web-based 
and freely available at http://www.eau.ee/~mbaas/ (SIMS ET AL. 2005). 
At present, model for survival (mortality) probability were developed. Tree survival (mortality) probability 
depending on tree and stand variables have studied. For modeling of tree survival probability, a logistic model 
using the logit-transformation was applied. Tree relative height had the utmost effect to tree survival probability. 
However, different factors were included into the logistic model for stands at different development stages: tree 
height, stand height and site index for young and pole stands; tree relative height, relative basal area of larger trees 
and stand density for middle-aged and maturing stands; tree relative height and stand density for mature and 
overmature stands. Acquired results improve our understanding about tree and stand dynamics in Estonian forests. 
The models can be used as preliminary sub-components for elaboration of the individual tree based stand growth 
simulator (KIVISTE ET AL. 2005). 
The study of individual tree growth models has started. Diameter growth was calculated from basal area increment. 
Several age-dependent growth models were studied. The expected growth for a given five-year period under 
average conditions was predicted using individual tree models developed by Clutter and Jones (FORSS ET AL. 
1996). This age-dependent growth models has been used with good success, it involves a function which estimates 
the change in relative tree size. And the beauty of using relative basal area model lies in the fact that stand-based 
projection and individual tree-based projection can be made compatible. The method has been used successfully in 
even-aged forest with various tree species (GADOW 1996) and on the permanent sample plot data in Estonia. 
Conclusions 
Tree-wise re-measured permanent sample plot data are needed to create and maintain forest growth models for 
Estonia. A new network of permanent sample plots for monitoring the growth and yield of Estonian forests was 
established in 1995-2005. The network covers the main forest types and the current age distributions of commercial 
forests in Estonia. Data from repeatedly measured long-term growth and yield permanent sample plots provide 
enough variation in growth factors (e.g. stand densities) in order to study the growth patterns of stands and trees 
growing in different conditions. The plot size is large enough for modelling stand dynamics, and data are 
geographically quite representative. 
Currently, the database of the Estonian network of permanent sample plots contains measurement data for 105 349 
trees from 730 sample plots. Altogether 71 506 trees in 492 permanent sample plots have been re-measured once, 
and 12 841 trees in 97 plots were re-measured two times. 
Network of forest growth plots is a good data-generator for testing and building models for sustainable forest 
management in Estonia. First models for individual-tree growth and mortality have developed. Nonlinear models 
with models with limited number of parameters and ’logical forms’ could be preferred in growth studies. Additional 
forest growth models of neighboring countries should be tested on Estonian permanent data. 
A database of forest management models is under construction for including varieties of different forest models in 
Estonia and neighboring countries (http://www.eau.ee/~mbaas/). The information system is expected to become a 
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useful tool for modelers as well as end-users of models. As the number of models in the system is not limited, new 
models can continually be added into the system (SIMS 2005). 
The new network of permanent sample plots for monitoring the growth and yield of Estonian forests is being used 
by several scientists. It has already proven its worth as a good data source for testing and building models for 
sustainable forest management in Estonia. 
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Erindite ja mõõtmisvigade avastamise meetoditest 
puistu kasvukäigu püsiproovitükkide andmestikul
Maris Hordo
Hordo, M. 2005. Outlier and/or measurement errors on the permanent sample 
plot data. – Metsanduslikud Uurimused 43, 9–23. ISSN 1406-9954.
Abstract. Tree-wise re-measured permanent sample plot data are needed to create 
and maintain modern forest growth models for Estonia. For that purpose an all-
Estonian network of  forest sample plots was established by the Department of  
Forest Management at Estonian Agricultural University in 1995. Tree species, storey, 
azimuth, distance from plot centre, two breast height diameters and faults were 
determined for each tree, and total height, crown base and height of  dry branches 
were measured for sample trees. Routine inspection of  forest plot measurement 
data for outliers was necessary because it provided information about the causes 
and consequences of  measurement errors. At the moment, 715 forest sample plots 
have been established. A total of  749 outliers have been checked for errors on 112 
plots in 2004.
In this study several statistical methods were tested for the detection of  outliers. 
Empirical distributions of  most tree variables by species and storey were analyzed 
using Grubbs’ test, Dixon’s test and the 2-sigma rule. Multivariate methods (residual 
diagnostics) were used for detecting outliers in the interaction of  several variables.
Analyzing empirical diameter distributions, Dixon’s test for small samples 
and 2-sigma rule for large samples were more effective than Grubbs’ test. The 
results of  regression diagnostics of  influential observations showed that Covratio 
method was the most sensitive one for outlier detection in linear model. The 
most effective method for checking outliers from height-diameter data was the 
studentized residual. Outlier detection plays important role in modelling, inference 
and even data processing because outliers can lead to model misspecification, 
biased parameter estimation and poor forecast. 
Key words: outlier, measurement error, permanent sample plot, regression 
diagnostics, distribution, re-measurement.
Author’s address: Institute of  Forestry and Rural Engineering, Estonian University 
of  Life Sciences, Kreutzwaldi 5, 51014 Tartu, Estonia.
Sissejuhatus
Puistu kasvukäigu modelleerimine on kaasaegse metsateaduse üks aktuaalsemaid prob-
leeme. Teadmised puistu kasvukäigust on metsa majandusliku tegevuse ning palju de teo-
reetiliste ja praktiliste küsimuste lahendamise aluseks (Krigul, 1972).
Puistu kasvukäiku saab modelleerida erinevatel tasemetel, mis on enamasti 
määratud andmete kätte saadavusega (Burkhart, 2003). Viimas tel aastakümnetel luuak se 
maailmas üha enam nn puistu kasvu simulaatoreid, mis tuginevad puu tasemel kasvu ja 
väljalangevust prognoosivatele võrranditele. Sellist tüüpi mudelid on tundu valt paindli-




koostamiseks on vaja püsiproovi tükkidel pika aja jooksul puu kaupa kogutud mõõtmis-
andmeid. Puu kasvu ja väljalangevuse võrranditele tuginevate puistu kasvumudelite ka-
sulikkust tõestab Soome Metsainstituudi metsanduslik modelleeri mistarkvara MELA 
(Ojansuu et al., 1991), milles kasutatav puistu kasvu simulaator MOTTI (Hynynen et al., 
2002) tugineb Soomes aastail 1976–1982 puu kaupa kaardistatud ja hiljem kolm korda 
5-aastase intervalli järel kordusmõõdistatud püsiproovi tükkide andmeile. Puu kasvu-
mudelite osas on Eestis teedrajavateks dots K. Jõgiste (1998) uurimused Järvselja kuuse-
kase segapuistutes. EPMÜ metsa korral duse instituudis alustati puu kaupa kaardistatud 
püsiproovi tükkide rajamist 1995. a; praeguseks on loodud 715 proovitükist koosnev 
Eestit kattev võrgustik, neist 380 on juba kordusmõõdistatud.
Puistu ja puu tasemel mudelite loomise üheks eelduseks on kvaliteetne mõõtmis-
andmestik. Suurtes mõõtmis andmestikes ei saa kunagi absoluutse kindlusega välistada 
vigu mõõtmisel, andmete protokollimisel või arvutisse sisestamisel. Vigade avastamine 
sõltub sellest, kui täpselt on teada mõõdetud tunnuste vahelised seosed ja jaotused. Mida 
täpsemalt me tunneme uuritavat objekti ja oskame seda kirjeldada, seda edukam on 
mõõtmisvigade avastamine.
Käesoleva uurimuse eesmärk on analüüsida mitmeid statistilisi meetodeid 
2004. aastal kordusmõõdetud puistu kasvukäigu püsiproovitükkide andmeil erindi te/
mõõt misvigade avasta miseks ning võrrelda ja hinnata nende statistiliste erindi testide 
efektiivsust mõõtmisvigade avastamisel. Uurimuses on kavas analüüsida dia meetri jao-




2004. aasta suvel kordusmõõdistati kogu püsiproovitükkide võrgustikust 112 proovi-
tükki Kirde- ja Lõuna-Eestis.
Püsiproovitükkide rajamise metoodika põhineb peamiselt Soome Metsainstituu-
di kogumusel (Gustavsen et al., 1988). Puistu kasvukäigu püsi proovitükkide rajamise ja 
mõõtmise metoodika on välja töötatud ja detailselt publitseeritud metsakorralduse ins-
tituudis viimase aastakümne uurimuste ja katsetuste käigus (Kiviste ja Hordo, 2002). 
Praeguseks on välitööde töörühm rajanud üle 700 püsiproovitüki üle Eesti. Üldjuhul 
rajati need ringproovitükkidena raadiusega 15, 20, 25 või 30 m, nii et proovitükil oleks 
vähemalt 100 esimese rinde puud.
Statistiline analüüs
Algandmete kontrollimine ja sisestusvigade kõrvaldamine on esmase andme töötluse ko-
hustuslik osa ja seda tehakse igal mõõtmisaastal andmesisestuse käigus. Sisestatud mõõt-
mis andmetest leitud vigu (valed koodid, lubamatud väärtused) on enamasti võimalik pa-
randada, kuid mõningate kirjete korral tekib kahtlusi. Kahtlane kirje võib olla viga, kuid 
see võib olla ka erind. 
Aegade jooksul on välja töötatud ja kirjeldatud mitmeid meetodeid erindite avas-




matemaatilise statistika käsiraamatutes (Sachs, 1982; Barnett, Lewis, 1996; Barnett, 1978; 
Beckman, Cook, 1983; Iglewicz, Hoaglin, 1993; Karioti, Caroni, 2002). Neid meetodeid tu-
leb kasutada ettevaatlikult, sest ebatõenäolised (näiteks jaotusest väljas olevad, keskmisest lii-
ga erinevad jne) vaatlusandmed võivad segi minna tegelike vigadega andmestikus (Iglewicz, 
Hoaglin, 1993). Seetõttu on oluline kontrollida ja analüüsida, kas rakendatud erindite avasta-
mise meetod on konkreetsel juhul sobiv ning kas seda kasutades on saadud õige tulemus.
Käesolevas töös on erindite leidmiseks kasutatud mitmeid meetodeid, ees mär-
giga avastada puistu kasvukäigu püsiproovitükkide mõõtmis andmestikust jämedad vead, 
mõõtmisvead, mis on tekkinud andmete kogumisel või sisestamisel. Uurimuses kasuta-
tud meetodid võib jagada jaotusel tuginevateks testideks (diameetri jaotuse kaudu kont-
rollitakse diameetri vigu) ja regressioonijääkide diagnostikaks (kõrguse kontroll).
Jaotusel tuginevad testid
Paljud juhuslikkusel põhinevad nähtused on ligikaudu normaaljaotusega ning paljud 
matemaatilise statistika meetodid kehtivad normaaljaotuse eeldusel. Käesolevas töös ka-
sutatud meetodid lubavad L. Sachs’i (1982) järgi eeldada nii üht kui teist (mitte jaotus-
vabad testid). Järgmisi jaotusel tuginevaid meetodeid võrreldi diameetri vigade avasta-
mise eesmärgil.
o Grubbsi test / Grubbs’ test – testi rakendamisel ekstreemsete väärtuste (erindite) 
kontrollimiseks eeldatakse, et on normaaljaotusele alluv andmestik ning mõõdetud 
üle kolme väärtuse (n > 3). Grubbsi teststatistik leitakse valemiga 
kus – valimi keskväärtus / sample mean value,
s
d
 – standardhälve / standard deviation respectively.
Grubbsi teststatistik väljendab suurimat absoluutnihet valimi keskväärtusest 
(Motulsky, 1999; Grubbs, 2003).
o Dixoni testis / Dixon’s test võrreldakse järjestatud andmestiku äärmise väärtuse eri-
nevust teistest väärtusest (rakendatav väikeste valimite korral, 3 ≤ n ≤ 25). Mõõt-
mised järjestatakse kasvavalt, kui võrreldav väärtus on väiksem, või kahane valt, kui 
võrreldav väärtus on suurim. Seejärel arvutatakse teststatistik, mis on erineva valimi 
mahu puhul erinev avaldis. Teststatistik arvutatakse valemiga 
 (3 ≤ n ≤ 7 valimi korral / sample size 3 ≤ n ≤ 7),
statistikute arvutamisel lähtutakse L. Sachsi (1982) tabelist (empiirilised kriteeriu mid 
ja test statistikute arvutamine).
o 2-sigma reegelit / 2-sigma rule rakendatakse suuremate valimite korral (n > 25). Kogu 
valimi metsaelemendi andmeil leitakse aritmeetiline  keskmine  ja  standard hälve. 
Erindiks loetakse sellised mõõtmistulemused x
1
, mis erinevad aritmeetilisest kesk-
misest μ rohkem kui 2 standard hälbe (μ ± 2 σ) võrra (Sachs, 1982; Sheskin, 2000; 






















Regressioonijääkide diagnostika (kõrguse kontroll)
Käesolevas töös on kasutatud regressioonanalüüsi mudelpuude takseertunnuste mõõt-
misvigade avastamiseks. Uurimuses on kõrguse-diameetri vahelise seose lähenda miseks 
kasutatud lineaarset regressioonimudelit H = a + bD. Kõrguse mõõtmis vigade avasta-
miseks kasutati regressiooni mudeli jääkide diagnostika meetodeid, mida võib käesoleva 
uurimuse autori magistritööle (Hordo, 2004) tuginedes pidada efektiivsemaks, kui on es-
mases testprogrammis rakendatud kõrguse vigade avastamise meetod (mudelpuu kõrgus 
erineb kõrguskõverast enam kui kahekordse jääkstandard hälbe võrra). Samuti ilmneb 
autori magistritööst, et testitud regressiooni võrrandite regressiooni jääkide diagnostika 
analüüsi tulemused erinevate kõrguskõverate korral ei erine oluliselt. Seetõttu ei ole eriti 
oluline, millist mudelit eelistada edaspidi jääkide analüüsi tegemisel. Eelnevast tulenevalt 
on käesolevas töös kasutatud lineaarset regressiooni võrrandit (kõrguse-diameetri vahe-
line seos).
Erindite leidmiseks saab kasutada mudeli jääke. Mudeli jääk on hinnang mudeli 
juhuslikule veale ja ta arvutatakse kui tegeliku väärtuse ja prognoosi vahe. Uurimuses 
kasutati järgmisi regressiooni jääkide diagnostika meetodeid.







 – i-s vaatlus valimis / the ith observation in sample,
 – valimi aritmeetiline keskmine / the arithmetic mean of  sample,
n – valimi maht / the size of  sample.
Mütsi-maatriksi element h
ii
 näitab, kuidas vaatlus x
i
 mudelit mõjutab / The hat matrix 
element h
ii
 shows the influence of  observation x
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�  on tegemist erindiga (k – argumentide arv regressioonivõrrandis) 






�  it represents an outlier (k is the num-
ber of  arguments in the regression equation) (Iglewicz, Hoaglin, 1993; Käärik, 2003; Fit 
Analyses, 2003).














 – mudeli prognoosijääk / model prediction residual,
ŝ  – mudeli standardviga / model standard error,
h
ii
 – vaatluse i omapära / the leverage of  observation i.




























According to the empirical criterion, if  standardized residual is > 2 it represents an outlier (Par-
ring et al., 1997; Käärik, 2003; Iglewicz, Hoaglin, 1993).
o Studenti jääk / studentized residual – vaatluse jääk jagatud tema standardhälbega, milles 




 – mudeli prognoosijääk / model prediction residual,
)(
ˆ is  – mudeli standardviga ilma i-nda vaatluseta / model standard error with-
out the ith observation,
h
ii
 – vaatluse i omapära / the leverage of  observation i.
Studenti jääk võimaldab hinnata, kuidas mudel prognoosib sõltuvat tunnust ilma i-
ndat vaatlust arvestamata: kui jääk on negatiivne, siis mudel ülehindab ja kui jääk 
on positiivne, siis alahindab. Empiirilise kriteeriumi kohaselt on tegemist erindiga, 
kui Studenti jääk >2 / According to the empirical criterion, if  studentized residual is > 2 it 
represents an outlier (Parring et al., 1997; Käärik, 2003; Michaelsen, 2003; Yeung, Ging, 
2001; Iglewicz, Hoaglin, 1993).
o Cooki D statistik / Cook’s D – näitab i-nda vaatluse mõju kogu regressiooni võrrandi 
parameetrite kompleksile:













 – Studenti jääk / studentized residual, 
h
ii
 – vaatluse i omapära / the leverage of  observation i,
p – mudeli parameetrite arv / number of  model parameters.
Empiirilise kriteeriumi kohaselt võib vaatlust pidada erindiks, kui 
n
Di
2�  / Ac-




Sellisel juhul mõjutab vaatlus i mudeli kordajaid oluliselt (Atkinson, 1985; Cook, 
Weisberg, 1982; Käärik, 2003; Dallal, 2003; Lee, 2003; SAS Online Doc, 2003).












kus/where i�̂  – prognoositud väärtuse i regressioonikordaja / the regression coefficient 
of  the predicted value,
)(
ˆ i�  – prognoositud regressioonikordaja i-ndat väärtust arvestamata / the re-
gression coefficient without considering the ith value,
s
(i)




 – vaatluse i omapära / the leverage of  observation i.
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represents an outlier (Käärik, 2003; Lee, 2003; Fit Analyses, 2003; Hair et al., 1998).
o CovRatio statistik / CovRatio – CovRatio üksikvaatluse mõju regressioonivõrrandi 
parameetrite hinnangute kova riatsiooni maatriksist:
kus/where X
(i)
 – vaatlusandmete maatriks ilma i-nda vaatluseta / the observation data 
matrix without the ith observation,
s
(i)
 – jääkstandardhälve ilma i-nda vaatluseta / the residual standard deviation with-
out the ith observation. 





1 ��  / 





1 ��  it represents 
an outlier (Dallal, 2003; Hair et al., 1998; Hawkins, 1980; SAS Online Doc, 2003; Fit 
Analyses, 2003; Lee, 2003).
o Dfbetas statistik / Dfbetas – näitab i-nda vaatluse mõju konkreetsele regressiooni-




ij�  – arvutatud regressioonikordaja väärtus “kustutatud” i-nda väärtuse 




 – jääkstandardhälve i-ndat vaatlust arvestamata / residual standard deviation 
without considering the ith observation,
C
jj
 – arvutatud vaatluse mõjukus CovR, j-nda tunnuste maatriksi diagonaali 
element / the influence of  the calculated observation CovR, diagonal element of  
the jth criteria matrix.
Empiirilise kriteeriumi kohaselt omab i-s vaatlus j-ndale regressiooni kordajale olulist 
mõju, kui |DFBETAS
ji
|>2 / According to the empirical criterion, if  |DFBETAS
ji
|>2 
then the ith observation significantly influences the jth regression coefficient (Käärik, 2003; Mi-
chaelsen, 2003).
Uurimuses on andmetöötluseks kasutatud andmebaasisüsteemi Microsoft Visual 
FoxPro keskkonda, rakendusstatistika tarkvarapaketti SAS (Statistical Analysis System).
Tulemused
Uurimistöö käigus loodi Visual FoxPro keskkonnas programm, eesmärgiga avastada 
mõõtmisvigu ja erindeid mahukast puistu kasvukäigu püsiproovitükkide mõõtmis and-
mestikust. 2004. aastal kordus mõõdistati 112 püsiproovitükki. Enne välitööde tegemist 
nende kordusmõõtmisele mineva, 1999. aastal rajatud 112 proovitüki andmed töödeldi 





































testprogramm rakendas samal ajal mitmeid erindi leidmise meetodeid, siis oli võimalik 
ühele puule väljastada ka rohkem kui üks erind (jaotuse ja jääkide diagnostika meetodid). 
Testprogramm avastas 415 diameetri viga (tabel 1) ja 508 kõrguse viga (tabel 2).
Testprogrammiga väljastatud erindpuud kontrolliti kordusmõõtmiste käigus hoo-
likalt (erind/mõõtmisviga või mitte). Lisaks avastati kordus-kontrollmõõtmiste käigus 
eelmiste mõõtjate poolt tehtud diameetri ja kõrguse mõõtmisvigu, mida ei olnud võima-
lik test programmiga avastada.
Diameetri jaotuse kontroll
Diameetri mõõtmisvigade avastamiseks analüüsiti püsiproovitükkide mõõtmis andmes-
tikul erinevate jaotusperede eeldusel rakendatavaid teste, nagu näiteks Grubbsi, Dixoni 
test, ja 2-sigma reegel. Grubbsi test (eeldab normaaljaotust) tunnistas erindiks äärmusli-
kuma diameetri metsaelemendis, kui see ületas etteantud kriteeriumi vastavalt L. Sachsile 
(1982) (joonis 1 – proovitükk 129, väike valim N = 5; joonis 2 – proovi tükk 162, suu-
rem valim N > 50). Proovitükkide andmestiku kontrollimisel Grubbsi testiga avastati 43 
erindpuud (tabel 2), kuid ainult kolm neist osutusid mõõtmis vigadeks.
Joonis 1. Proovitükil 129 mõõdetud viie männipuu diameetri teststatistiku väärtused, erind, kui 
G > 1,71. Ringiga ° on joonisel tähistatud erind
Figure 1. Sample plot No 129. Sample size n = 5 and G > 1.71, with the circle ° is represented an 
outlier (not a measurement error)
Võrreldes Grubbsi testiga on Dixoni testi ja 2-sigma reegli puhul tegemist meeto-
ditega, mis ei eelda, et andmestik pärineb mingist konkreetsest jaotus perest, ning testimi-
sel arvestatakse iga puu diameetri suhtelist erinevust metsaelemendi keskmisest diameet-
rist (vastavalt joonis 3 – Dixoni test ja joonis 4 – 2-sigma reegel). Joonisel 3 on toodud 
Dixoni testi tulemus ühe metsaelemendi andmeil (proovitükil 175), kus väljapoole joont 
jääva väärtuse puhul on antud juhul tegemist mõõtmisveaga, mis avastati eespool nime-
tatud erinditestiga. Proovitükkide andmestikust avastas Dixoni test (väikesed valimid, 
metsaelemendi suurus 3 ≤ n ≤ 25 vaatlust) 33 erindpuud, kuid ainul 5 neist osutus kont-
rollimisel tegelikult vigaseks mõõtmiseks (tabel 2).
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Joonis 2. Proovitükil 162 mõõdetud rohkem kui 50 kuusepuu diameetrid, erind, kui test statistik 
G > 3,61; ristiga + on joonisel tähistatud erindi testiga avastatud mõõtmisviga
Figure 2. Sample plot No 162. Sample size n > 50 and G > 3.61, with the cross + is represented an 
outlier/measurement error
Joonis 3. Proovitükil 175 mõõdetud haabade diameetri jaotuse kontroll Dixoni testiga, erind, kui 
D >0,525; ristiga + on tähistatud testiga avastatud diameetri viga
Figure 3. Sample plot No 175. Sample size n = 15 and D > 0.525, with the cross + is represented 
an outlier/measurement error
Joonisel 4 on toodud 2-sigma reegli (suured valimid, metsaelemendi suurus n > 25) 
rakendamise tulemus kuuse diameetri mõõtmisandmeil (proovitükil 129). Jooniselt näh-
tub, et välitööde käigus osutusid kõigi kolme erindpuu diameetrid mõõtmis vigadeks. Li-
saks avastati proovitükil 129 väli tööde läbiviijate poolt tehtud diameetri mõõtmisvigu, 
mida ei olnud võimalik testiga avastada. Püsiproovitükkide andmestiku kontrollimisel 
avastati 2-sigma reegli rakendamisel kokku 74 erindpuud, neist 19 juhul osutus erindpuu 
tegelikult mõõtmisveaks (tabel 2).
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Joonis 4. Proovitükil 129 mõõdetud kuusepuude diameetri jaotuse testi tulemused 2-sigma reegli 
järgi; ristiga + on tähistatud erindi testiga avastatud vead ja ×-ga on tähistatud välitööde 
tegemisel avastatud mõõtmisvead
Figure 4. Sample plot No 129. Sample size N > 25 and T > 2 σ with the crosses + represent out-
lier/measurement errors and the diagonal crosses × represent measurement errors (not 
detected as outliers)
Tabelis 1 on toodud diameetri jaotuse testide võrdluse tulemused, kus sõltuvalt dia-
meetri jaotuse mõõtmisvigade avastamise tulemustest nähtub, et Dixoni testi (väikestele 
valimitele) ja 2-sigma reegliga (suurtele valimitele) avastati rohkem erindeid kui Grubbsi 
testiga. Grubbsi testi võrdlemisel Dixoni testiga (väikeste valimite korral) leiti 16 ühist 
erindpuud; 2-sigma reegliga (suurte valimite korral) leiti 9 ühist erindpuud.
Tabel 1. Puistu püsiproovitükkide mõõtmisandmestikul diameetri jaotuse testide poolt leitud erin-
dite arv. 0 – ei avastatud erindit, 1 – avastati erind
Table 1. Number of diameter distribution outliers on permanent sample plots excluded by the dif-
ferent tests. 0 – no outliers detected, 1 – outliers detected
Valim/Sample N 3...25 Grubbsi test
Kokku/Total
Dixoni test 0 1
0 3 830 7 3 837
1 17 16 33
Kokku/Total 3 847 23 3 870
Valim/Sample N > 25 Grubbsi test
Kokku/Total
2-sigma reegel 0 1
0 15 457 11 15 468
1 65 9 74
Kokku/Total 15 522 20 15 542
Võrreldes Grubbsi testiga on Dixoni testi ja 2-sigma reegli puhul tegemist mee-
toditega, mis ei eelda, et andmestik pärineb mingist konkreetsest jaotus perest, ning tes-
timisel arvestatakse iga puu diameetri suhtelist erinevust metsaelemendi keskmisest dia-
meetrist. 
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Välitööde käigus kontrollitud erindpuude uurimisel nähtub, et enamikul juhtudel 
oli tegemist erinditega, mis olid metsaelemendi siseselt keskmisest diameetrist liiga 
erinevad vaatlused, äärmuslikud väärtused.
Tabel 2. Diameetri jaotuse kontrolli tulemus































(3 ≤ n ≤ 25) 33 5 15,2 107 5 4,7
2-sigma reegel
n (n > 25) 74 19 25,7 308 19 6,2
Grubbsi test 















Kõrguse vigade avastamiseks rakendati mudelpuude andmeil mitmeid (tabel 3) reg-
ressioon analüüsi eeldusel põhinevaid jääkide diagnostika teste. Lineaarse regressiooni 
kõrguskõvera testimisel eeldati, et eespool nimetatud kõrguse funktsioonil metsaelemen-
tide kaupa oleks valimitel vähemalt viis mõõtmispaari.
Joonisel 5 (a, b, c, d) on toodud nelja jääkide testi graafikud – erindid on need 
mudelpuud, mis jäävad väljapoole empiirilist kriteeriumi. Sõltuvalt regressioonijääkide 
meetodist olid kriteeriumide leidmise meetodid erinevad. Näiteks joonisel 5 d on toodud 
ühe metsaelemendi (proovitüki 103 esimese rinde kased) Cooki D testi visuaalne tule-
mus. Joonisel on näha, et erindi test avastas selles metsaelemendis kaks mõõtmisviga, 
kuid lisaks avastasid välitööde läbiviijad neli kõrguse viga, mida jääkide testiga ei olnud 
võimalik avastada.
Visual FoxPro testprogrammi töö tulemusel väljastati erinevate meetodite raken-
damisel 15–676 tabelis 3 toodud kõrguse erindit. Välimõõtmiste käigus kontrolliti (112 proo-
vitükil) kõigi erindpuude kõrgused, lisaks avastati kõrguse vigu. Kokku avastati püsi proovi-
tükkide mudelpuudel 508 kõrguse mõõtmisviga. Tabelis 3 on toodud vastavalt rakendatud 
meetodile  erindvigade  hulk, kus neist vastavalt meetodile 3–80 (6,3–27,3%) mudelpuul 
osutus ka tegelikult eelmisel mõõtmisel saadud kõrguse mõõtmistulemus vigaseks. 
Üldiselt osutus mudelite jääkide diagnostika meetoditest tundlikemaks kovariat-
siooni suhte meetod Covratio (tabel 3), mis avastas 676 erindpuud. Statistikud (Hawkins, 
1980; Iglewicz, Hoaglin, 1993) peavad piisavalt usaldatavaks erindite leidmise meeto-
diks omapära meetodit, mis on teistest vähem tundlik mudeli argumenttunnuse jaotuse 
suhtes. Võrreldes erinevaid kõrguse vigade avastamiseks rakendatavaid meetodeid Pear-




Tabel 3. Kõrguse-diameetri kontrolli tulemused. Meetodid: omapära / Leverage, standardiseeri tud 
jääk / Standardized residual, Studenti jääk / Studentized residual, Cooki kauguse test / 
Cook’s D(istance), kovariatsioonisuhte meetod / Covratio, Dffits test / Dffits, Dfbetas test 
/ Dfbetas









































residual 189 44 23,3 508 44 8,7 85,2
Studenti jääk
Studentized 
residual 258 67 26 508 67 13,2 158,6
Cooki kauguse 
test / Cook’s D 402 87 21,6 508 87 17,1 151,5
Kovariatsiooni-
suhte meetod 
Covratio 676 80 11,8 508 80 15,7 31,3
Dffits test 
Dffits 15 3 20 508 3 0,6 4,3
Dfbetas test 




Joonis 5. Töös kasutatud regressioonijääkide meetodid: a) omapära meetod; b) Studenti jääkide 
test; c) standardiseeritud jääkide meetod; d) Cooki D test (plussiga on tähistatud erindid/
mõõt misvead ja ristiga on tähistatud mõõtmisvead (erindi test ei avastanud neid))
Figure 5. The residual diagnostic methods used: a) Leverage; b) Studendized residuals; c) Stan-
dardized residuals; d) Cook’s Distance method (with the cross + is represented an out-
lier/ measurement error and the diagonal cross × is representing a measurement error 
(not detected as an outlier)
Kokkuvõte
Puistu ja puu tasemel mudelite loomise üheks eelduseks on kvaliteetne mõõt mis andmestik, 
mida saab kasutada usaldusväärsete tulemuste saamiseks. Suurtes mõõt mis andmestikes 
ei saa kunagi absoluutse kindlusega välistada mõõtmisvigu. Vigade avastamine sõltub 
sellest, kui täpselt on teada mõõdetud tunnuste vahelised seosed ja jaotused.
Uurimuse materjaliks on Eestit katva puistu kasvukäigu 112 püsiproovi tüki 2004. 
aastal kordusmõõdistatud andmestik. Uurimuse eesmärgiks oli analüüsida erinevaid 
statistilisi meetodeid diameetri jaotuse ja kõrguse-diameetri vahelise seose kontrolli-
miseks püsiproovitükkide mõõtmis andmestikul. Matemaatilise statistika meeto ditega on 
võimalik mõõtmis andmete hulgast leida erindeid, mis võivad olla kas jämedad vead või 
“looduse kapriisid”. Antud uurimuse teostamiseks loodi testpro gramm, mis  väljastas 
erindpuud (kahtlased vaatlused), ning neid kontrolliti välitööde käigus.
Diameetri jaotuste analüüsimisel selgus, et Dixoni test (väikeste valimite jaoks) ja 
2-sigma reegel (suurte valimite jaoks) leiavad mõõtmisandmetest rohkem erindeid ja/või 
mõõtmisvigu kui Grubbsi test. Kontrollmõõtmisel selgus, et erindpuude hulgas (diameet-
ri jaotusel) esines küllaltki vähe mõõtmisvigu. Välitööde käigus kontrollitud erindpuude 
uurimisel ilmnes, et enamikul juhtudel oli tegemist erinditega, mis olid metsaelemendi 
siseselt keskmisest diameetrist liiga erinevad vaatlused, äärmuslikud väärtused. Enamasti 
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Regressioonijääkide diagnostika varasemal analüüsil selgus, et erinevate kõrgus-
kõverate korral on tulemused ligikaudu ühesugused. Käesolevas töös on kasutatud 
lineaarset kõrguse-diameetri vahelist seost. Kontroll mõõtmistel selgus, et erinevatest 
regressioonijääkide diagnostika meetoditest osutus kuni 17,1% leitud erinditest mõõt-
misvigadeks. Erindite leidmiseks oli kõige tundlikum kovaratsiooni suhte meetod Covra-
tio. Pearsoni testi põhjal osutus tõhusaimaks vigade avastamise meetodiks Studenti 
jääkide test.
Kõrguse mudeli jääkide erindite leidmise meetodite analüüsimisel püsiproovi-
tükkide algandmeil selgus, et väljastatud erindite puhul osutusid määravaks sellised 
näitajad, nagu puu tüve kahjustused, rikked, kasvu tingimused, puistu päritolu. Nimelt 
kultuur puistutes, kus keskmine kõrgus oli kõigil mõõdetud puudel enam-vähem ühtlane, 
väljastati erindina vaatlusi, mis olid liiga erinevad metsaelemendi keskmisest diameetrist, 
kuid tegelikult ei olnud valesti mõõdetud.
Tänuavaldus. Metsa kasvukäigu püsiproovitükkide võrgustiku rajamist on toetanud 
Riigimetsa Majandamise Keskus, Keskkonnainvesteeringute Keskus ja Eesti Teadusfond 
(ETF grandid G 2617, G 4813 ja G 5768).
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The material of  the present study is a data from the network of  permanent forest 
growth sample plots, covering the whole Estonia. The network of  permanent sample 
plots, established in 1995—2004, comprises 715 sample plots representing the principal 
site types, dominant tree species and age groups of  Estonian forests. The first round of  
re-measurements has been performed on 380 permanent sample plots. The collected 
data is one of  the main information bases to the Department of  Forest Management 
for creating, analysing and improving stand structure and growth models. The objective 
of  the present study was to analyse a number of  statistical methods to detect outliers 
and measurement errors, based on the data obtained from the permanent forest growth 
sample plots, re-measured in 2004, as well as to compare and evaluate the effectiveness 
of  statistical outlier tests to detect measurement errors.
Obvious errors (repeated tree numbers, impermissible codes for storey and tree 
species, measurement results, exceeding permitted limits) were removed during the data 
entry and primary data analysis. Using methods of  mathematical statistics it is possible 
to detect outliers from the measurement data. The outliers may be (either) the gross er-
rors or ‘nature’s caprices’.
The analysis of  diameter distributions revealed, that Dixon’s test (for small sam-
ples) and the 2-sigma rule (for large samples) detect more outliers and measurement 
errors from measurement data than Grubbs’ test (Table 2). Control – measurements 
showed, that amount the outlier trees (in diameter distribution), there was rather few 
measurement errors. The study of  outlier trees, checked during the fieldworks, revealed, 
that most of  the outliers represented in observations were too divergent from the av-
erage diameter of  a forest component, i.e. extreme values. In most cases, the detected 
outliers turned out to be single trees, dissimilar to other trees (‘wolf  trees’).
An earlier analysis of  regression residual diagnostics revealed, that the results are 
roughly the same under the different height curves. In the present study, a linear cor-
relation between height and diameter was used. Control-measurements revealed that 
according to different regression residual diagnostics methods up to 17.1% of  detected 
outliers proved to be measurement errors (Table 3). The most sensitive method for out-
lier detection proved to be the covariation method (CovRatio). Based on Pearson’s test, 
the most effective error detection method was the studentized residuals test (Table 3).
An analysis of  methods, to detect outliers among height model residuals, based on 
the initial data from the permanent sample plots, showed, that the determinants of  the 
issued outliers were parameters like tree stem damages, defects, growth conditions and 
stand provenance. Namely, in planted stands, where the average height of  measured trees 
was more or less equal, the observations, which were too divergent from the average di-
ameter of  the forest component, not incorrectly measured, were issued as outliers.
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Tree survival, as affected by tree and stand variables, was studied using the Estonian 
database of permanent forest research plots. The tree survival was examined on the 
basis of remeasurements during the period 1995–2004, covering the most common 
forest types and all age groups. In this study, the in uence of 35 tree and stand vari-
ables on tree survival probability was analyzed using the data of 31 097 trees from 
236 research plots. For estimating individual tree survival probability, a logistic model 
using the logit-transformation was applied. Tree relative height had the greatest effect 
on tree survival. However, different factors were included into the logistic model 
for different development stages: tree relative height, tree relative diameter, relative 
basal area of larger trees and relative sparsity of a stand for young stands; tree relative 
height, relative basal area of larger trees and stand density for middle-aged and matur-
ing stands; and tree relative height and stand density for mature and overmature stands. 
The models can be used as preliminary sub-components for elaboration of a new indi-
vidual tree based growth simulator.
Key words: forest growth, logistic regression, generalized linear mixed model, mortal-
ity, survival probability, tree and stand variables
Introduction
Tree mortality is a key factor in uencing forest 
dynamics, and estimating tree survival therefore 
requires special attention (Yang et al. 2003). 
The accuracy of growth models depends largely 
on the accuracy of estimating tree survival. The 
main purpose of survival research is to under-
stand how and why tree mortality occurs. This 
information is essential for developing strategies 
of forest management (Hamilton & Edwards 
1976). Modelling tree survival is not a trivial 
task. In her overview Hawkes (2000) highlighted 
the main problems associated with such models:
Lack of long-term observations. Mortality may 
be caused by different biotic and abiotic 
factors which become relevant at different 
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points in time. As a result, the probability of 
tree survival is usually rather  uctuating and 
irregular (Gadow 1987).
Improper use of models. Models of tree survival 
that have been developed on a speci c data 
set and with speci c assumptions, should not 
be used outside the range of their validity. 
Mortality patterns may differ substantially 
between different tree species (Dale et al.
1985).
In uence of human activity. Human activity is 
an important factor to natural which com-
plements natural processes and complicates 
model prediction. It is hard to estimate the 
effects future management activity, because 
even in the case of well-de ned cutting rules 
it is dif cult to forecast the impact of the real 
cutting performance in terms of its weight 
and quality.
According to Vanclay (1994), the causes of 
tree mortality may be divided into three major 
groups:
Catastrophic: Large-scale mortality of trees, 
caused by storms, game damage, insect-
pests,  ooding or other extraordinary events.
Anthropogenic: Tree mortality caused mostly by 
harvesting operations, but also by industrial 
pollution or changes in water tables.
Regular: Tree mortality caused by tree age and 
competition, but also by pests and diseases 
and unfavourable weather conditions (storm, 
drought or  ooding).
Catastrophic and anthropogenic mortality are 
hard to predict and the modeling of such proc-
esses requires long-term measurement series on 
permanent sample plots. Such data are lacking 
and for this reason, the present study deals only 
with modeling regular mortality.
A number of models were used to estimate 
tree survival, including the linear (Moser 1972, 
Leak & Graber 1976, West 1981), Weibull 
(Somers et al. 1980, Kouba 1989), gamma-
distribution (Kobe & Coates 1997), exponential 
(Moser 1972), Richards (Buford & Ha ey 1985), 
and Gompertz function (Kofman & Kuzmichev 
1981). The logistic function has been used 
mostly for estimating individual tree survival 
(see for example, Hamilton & Edwards 1976, 
Monserud 1976, Buchman 1979, Hamilton 1986, 
Vanclay 1991, Vanclay 1995, Dursky 1997, 
Murphy & Graney 1998, Albert 1999, Monse-
rud & Sterba 1999, Eid & Tuhus 2001, Yao et
al. 2001, Hynynen et al. 2002, Soares & Tomé 
2003, Yang et al. 2003, Diéguez-Aranda et al.
2005). The majority of the more recent survival 
models have been concentrating on the indi-
vidual tree level (Mabvurira & Miina 2002). One 
reason is that the single tree level seems to allow 
more speci c estimates in uneven-aged, species 
rich forests. In tree survival studies (Hynynen et
al. 2002, Alenius et al. 2003) multilevel logistic 
regression models for hierarchically structured 
data are becoming more common.
Until recently, the research covering tree sur-
vival in Estonia has not been very extensive. 
Noteworthy is the model for estimating mortal-
ity on the stand level by Jõgiste (1998) and the 
research by Nilson (2006) about the relation 
between number of trees and mean stand diam-
eter. Models for estimating individual tree sur-
vival are still lacking in Estonia. Only recently 
it has been possible to use the data from the 
network of permanent forest growth plots, which 
covers entire Estonia. Thus, the objective of the 
present study is to identify from that database 
variables which in uence tree survival. We will 
present a  rst attempt to model individual tree 
survival in Estonia.
Our speci c hypotheses were that (i) differ-
ent sets of driving variables in uence tree sur-
vival at different stand development stages; (ii) 
at the tree level, variables of relative size (e.g. 
ratio of tree and stand diameter) describe tree 
survival better than variables of absolute size; 
(iii) at the stand level, variables of maximum 
density in uence survival the most; and (iv) 
shade-tolerant tree species are more vital than 
light-demanding, and fast growing species have 
lower rates of survival.
Factors in uencing tree survival
In modeling tree survival, a variety of variables 
have been considered. Hamilton (1986) clas-
si ed the factors that affect tree survival into 
four groups: tree size, tree competition status in 
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the stand, tree viability and stand density. In the 
present analysis, the main factors that in uenced 
tree survival in other studies, are considered. For 
that purpose, more than 20 logistic models of 
tree survival and mortality were analyzed. The 
logistic models for estimating tree survival can 
be presented in the following general form:
 (1)
where P is the probability of tree survival, (1 – P)
is the probability of tree mortality, and f(X) is the 
function (mostly linear) of diverse in uencing 
factors (Vanclay 1994). Several authors have 
used Eq. 1 for different tree species, where every 
species has a speci c set of coef cients (Ham-
ilton 1986, Vanclay 1991, Monserud & Sterba 
1999, Eid & Tuhus 2001, Hynynen et al. 2002). 
Factors, in uencing mortality may be regarded at 
the single tree or stand level. The most frequently 
used variables are listed in Table 1.
Material and methods
Data set
The network of permanent forest growth research 
plots, established during the period 1995–2004 
and covering entire Estonia was used in the 
present study. The  rst forest growth research 
plots of the network were established in the 
nemoral forests and mesotrophic forests of cen-
tral Estonia in 1995–1996 and in the heath for-
ests of northern Estonia in 1997–1998 (Kiviste 
& Hordo 2002). Since 1999, the network of 
forest research plots has been extended, repre-
senting the most common forest types and age 
groups in Estonia. For extension of the network 
of forest research plots, sample grid of Interna-
tional Co-operative Programme on Assessment 
and Monitoring of Air Pollution Effects on For-
ests (Karoles et al. 2000) was used for placement 
centres of plot groups. The plot locations in the 
 eld were selected randomly on a map.
Generally, the permanent forest growth plots 
are circular with radii of 15, 20, 25 or 30 meters. 
The plot size depends on the forest age and den-
sity, such that, as a rule, on every plot there are at 
least 100 trees of the upper tree storey. Trees of 
the second storey and shrub layer were measured 
in a smaller concentric circle with a radius of 
eight (at plot radius 15 m) or 10 meters (at plot 
radius more than 15 m). On each plot, the polar-
coordinates (azimuth and distance from the plot 
centre), the diameter at breast height, and defects 
were assessed for each tree. The tree height and 
height to crown base were measured in every 
 fth tree and also on dominant and rare tree 
species. The height to the  rst dry branch of old 
coniferous trees was also assessed (see Kiviste & 
Hordo 2002 for more details).
In 2004, the network consisted of 730 of per-
manent forest growth plots. The tree coordinates 
and breast height diameters of 101 311 living 
trees were measured. The total tree height and 
the height to crown base was assessed on 33 045 
trees. During 2000–2004, altogether 380 sample 
plots were re-measured. It was then found, that 
of 49 814 trees measured during the previous 
survey, 4658 trees (9.4%) had been harvested 
and 2883 trees (5.8%) had died (broken or fallen 
down) during the period between the two meas-
urements.
During the period between the measure-
ments, trees were harvested on 134 plots; 130 of 
these were excluded from the analysis because 
the condition of the trees at the time of harvest 
was not known. Fourteen plots, where the period 
between the measurements was not exactly  ve 
years, were also excluded from the analysis. 
Thus, the data set used in the present study 
contains 31 097 trees from 236 plots. Their loca-
tions are shown in Fig. 1.
Figure 2 presents distributions of permanent 
sample plots analyzed in this study by forest site 
types, dominant species and stand development 
stages. Most plots are located in the nemoral and 
mesotrophic forest types. The site type ’others’ 
includes alvar, transition bog, and fen forests. 
Pine stands are more represented than stands 
with other tree species. The alder forests include 
four black alder plots and  ve grey alder plots. 
Almost all groups by site type and by main spe-
cies include stands of all development stages. 
Regarding stand age, it appears that the distribu-
tion of plots is quite balanced between the ages 
of 20 and 80 years (Fig. 3). Four plots stocked 
with pine forests have an age of 150 years or 
more.
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Variables investigated
The list of variables which are assumed to in u-
ence tree survival and their statistical characteris-
tics are presented in Table 2. The majority of the 
variables are continuous (age, height, diameter, 
etc.), but there are also some nominal variables 
(storey, tree species, forest site type) and binary 
variables as a transformation of nominal variables 
(tree species indicator, sign of moose damage, 
etc.) in the data set. The investigated data set was 
hierarchical, some of the variables were appointed 
at tree level (storey, tree species, tree diameter, 
tree height, etc.) and others at plot level (dominant 
tree species, forest site type, age of the  rst storey, 
mean diameter, mean height, etc.).
Table 1. Most frequently used tree and stand variables for estimating tree survival.
 Individual tree Forest stand
Tree status Source Stand variable Source
Tree diameter at breast Monserud (1976), Hamilton Stand basal area Hamilton & Edwards (1976),
height (D) & Edwards (1976), Hamilton  Hamilton (1986), Vanclay
 (1986), Vanclay (1991),  (1991), Eid & Tuhus (2001),
 Dursky (1997), Monserud &  Yao et al. (2001), Hynynen
 Sterba (1999), Eid & Tuhus  et al. (2002), Yang et al.
 (2001), Yao et al. (2001),  (2003), Diéguez-Aranda et
 Mabvurira & Miina (2002),  al. (2005)
 Hynynen et al. (2002),
 Soares & Tomé (2003), 
 Yang et al. (2003)
Tree relative diameter Hamilton (1986), Eid & Stand dominant Palahi & Grau (2003),
(the ratio of tree diameter Tuhus (2001), Mabvurira & height Diéguez-Aranda et al. (2005)
and stand mean diameter) Miina (2002)
The estimated tree Monserud (1976), Hamilton Stand age Hynynen et al. (2002),
diameter increment for (1986), Vanclay (1991), Yao  Diéguez-Aranda et al. (2005)
a speci ed time et al. (2001), Yang et al.
 (2003)
Tree height Hamilton & Edwards (1976), Stand mean diameter Hamilton (1986), Eid &
 Dursky (1997), Palahi &  Tuhus (2001), Mabvurira &
 Grau (2003)  Miina (2002)
Tree age Hynynen et al. (2002) Relative proportion Yao et al. (2001), Eid &
  of tree species in stand Tuhus (2001)
  (measured interms of
  basal area, volume or
  number of trees)
Relative length of tree Hamilton & Edwards (1976), Stand site quality Dursky (1997), Eid & Tuhus
crown Monserud & Sterba (1999)  (2001), Yao et al. (2001),
   Mabvurira & Miina (2002)
The sum of basal area of Vanclay (1991), Monserud & Number of trees Eid & Tuhus (2001), Soares
larger trees (BAL index) Sterba (1999), Eid & Tuhus per ha & Tomé (2003), Diéguez-
 (2001), Hynynen et al.  Aranda et al. (2005)
 (2002), Palahi & Grau (2003)
The sum of basal area of Yang et al. (2003)
larger broadleaf trees
Tree defects caused by Hamilton & Edwards (1976)
game, insects or some
other damages
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Fig. 3. Distribution of plots 
by age classes.
Fig. 1. Location of re-
measured permanent 
sample plots in Estonia. 
Points in the map indicate 
locations of 3–6 perma-
nent sample plots. Black 
dots = plots used in this 
study, grey dots = other 
plots in the network.
Fig. 2. Distribution of plots 
by groups of (A) forest site 
types and (B) main tree 
species.
The tree storey (RIN) was de ned during 
the  eld assessment according to the rules of 
a forest survey. The majority of trees on plots 
were assigned to the I storey (81.9%). Altogether 
17.3% of the trees belong to the second storey 
(II storey), but substantially less trees were 
measured from the regeneration and shrub layer 
(respectively, 0.6% and 0.2%). In some plots, 
the second story (II storey) and the regeneration 
trees and the shrub layer were measured in the 
smaller concentric circle. In some sample plots, 
the small regeneration and shrub layer trees were 
not measured at all.
Almost one half of the trees (46.8%) were 
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pines, 23.3% were spruces, 18% birches, 3.9% 
were aspens and 5.1% were alders.
Tree height (H) was measured on 29.7% 
of trees and the height to crown base (HV) on 
25.1% of all trees. To estimate the height of all 
trees, Nilson’s diameter/height relations were 
used (Kiviste et al. 2003). These relations were 
applied separately to every combination of tree 
species and storey of each plot (tree cohort). 
A two-parameter diameter/height regression is 
being used, when more than  ve trees per tree 
cohort were measured
 (2)
where D is the tree breast-height diameter; DC is 
the mean square diameter of the respective tree 
cohort; b and HC are parameters of the diameter-
height regression, calculated from sample trees; 
c is a parameter which depends on the tree spe-
cies (listed in Table 3). The variable HC repre-
sents the mean height of the tree cohort.
When between 1 and 5 trees of each tree 
cohort were measured on a plot, the follow-
ing one-parametric diameter-height relation was 
used
  (3)
where D is the tree breast height diameter; DC is 
the mean square diameter of the respective tree 
cohort; a and c are parameters which depend on 
the tree species (listed in Table 3); Hi and Di are 
sample tree height and diameter respectively.
The diameter/height relation (Eq. 3) was also 
used in the case of a tree cohort where the 
heights were not measured. This was the case, 
for example, in rare tree species which occurred 
on a particular plot. The mean height HC of a tree 
cohort was calculated with the formula
 (4)
where DC is the mean square diameter of the 
tree cohort, and k1, k2 and k3 are species-speci c 
parameters (Table 3).
Relative tree diameter (DS), relative tree 
height (HS), basal area of larger trees (BAL), 
relative basal area of larger trees (BALS) and 
Hegyi competition indices (HEG5 and HEGH) 
were the investigated variables characterizing 
individual tree competitive status. Four of these 
(DS, HS, BAL and BALS) do not require known 
tree positions and it is relatively easy to calculate 
them. The relative tree diameter (DS) is calcu-
lated as
 DS = D/D1 (5)
where D is the tree diameter and D1 is the mean 
square diameter of the  rst storey trees. The rela-
tive tree height is calculated as follows
 HS = H/H1 (6)
where H is the tree height and H1 is the mean 
height of the  rst storey, weighted by the spe-
cies-speci c basal areas. The BAL index is cal-
culated as basal area of trees having a diameter 
larger than the diameter of the reference tree. 
The relative basal area (BALS) is equal to the 
BAL index divided by the basal area of all trees 
in the plot.
Tree position coordinates and tree-size data 
are used to de ne a competition index which 
requires that the tree positions are known. An 
example of such a position-dependent quantity 
is the Hegyi (1974) competition index (HEG5), 
which is calculated as follows:
 (7)
Table 3. The parameters of the diameter/height rela-
tionship for different tree species (Kiviste et al. 2003).
Species a c k1 k2 k3
Pine 0.369 1.31 92.4 0.0110 1.0437
Spruce 0.394 1.47 72.7 0.0171 1.112
Birch 0.359 1.38 45.0 0.0320 1.038
Aspen 0.359 1.38 44.6 0.0387 1.290
Other 0.359 1.38 31.0 0.0529 1.144
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where D is the diameter at breast height of the 
reference tree (cm); Di is the diameter at breast 
height of the competitor tree (cm); Li is the 
distance between the reference tree and the com-
petitor tree (Li � 5m).
When a tree is located near the external edge 
of the sample plot, Eq. 7 produces a systematic 
underestimate, because the in uence of neigh-
bouring trees outside the sample plot (light grey 
area in the Fig. 4 left) are not considered. To 
compensate for this lack of information, the light 
grey area was mirrored inside the plot (dark grey 
area in Fig. 4).
The relative amount of the corrections of 
the Hegyi index of the trees that are near the 
plot edges are shown in Fig. 4 (right-hand-side 
panel). Near the sample plot edge, the value of 
the competition index is increasing considerably, 
due to the adjustment.
The value of the Hegyi index depends on 
stand density and the radius of the in uence 
zone. Thus, a  xed radius (e.g. HEG5 = 5 m) 
does not always make sense. For this reason, 
Hegyi’s competition index (HEGH) was also 
calculated, using an in uence zone radius which 
was equal to 40% of the mean tree height in the 
 rst storey.
At the sample plot level, the investigated 
measurement variables of the  rst storey were 
stand age (A1), density (N1), basal area (G1),
mean square diameter (D1), mean height (H1),
stem volume (M1), and relative density (T1).
To calculate the stem volume of each tree, the 
volume equation by Ozolins (2002) was used. 
Stand volume (M1) was calculated as the sum of 
the  rst storey tree stem volumes per hectare.
The site index (H100, average height of domi-
nant species at reference-age 100 years) was cal-
culated according to the current age and height 
of the dominant tree species using the model 
developed by Nilson (1999) which is an approxi-
mation of Orlov’s tables (Krigul 1969).
In the Estonian forestry practice, relative 
density is widely used. For tree cohorts with a 
mean height over 5 m, relative density (TC) was 
calculated as follows
 (8)
where MC is the volume of the cohort trees 
(m3 ha–1), and HC is the mean height of the cohort 
trees (m). Parameters a0, a1, a2, a3 are listed in 
Table 4.
In the case of the mean height being less 
Fig. 4. Left-hand-side panel: adjustment of competition index by Hegyi. The section remaining outside the sample 
plot (grey) is compensated by considering the section of the same size inside the plot (black). Right-hand-side 
panel: correction of the edge effect of competition index by Hegyi.
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than 5 m, the relative density (TC) was calcu-
lated according to the National Forest Inventory 
Instruction (SMI 1999) based on tree cohort 
height (HC) and density (NC). In the case of pine 
cohorts with a height of less than 5 meters, the 
relative density was calculated with Eq. 9 and in 
the case of other tree species with Eq. 10.
 (9)
 (10)
The relative density for the  rst storey is 
calculated as the sum of the relative densities of 
the  rst storey tree cohorts. As indicator of high 
relative density, a binary variable PIIRT was 
used. PIIRT assumes a value of 1 if TC is greater 
or equal to 1, otherwise it equals 0.
In addition to traditional stand variables, 
the stand sparsity (L1), recommended by Nilson 
(2006), was also used in the present study:
 (11)
where N1 is the number of trees of the  rst storey 
per hectare. L1 is an estimate of the average 
distance between trees, assuming a rectangular 
distribution of tree positions. A. Nilson (pers. 
comm.) calculated the self-thinning standard 
(LTJ), based on Tyurin’s growth and yield tables 
of normal forest (Krigul 1969).
 (12)
where D1 is the mean square diameter of the  rst 
storey trees (cm); H100 is the site index; k4, k5,
k6, k7 are species-speci c parameters (listed in 
Table 4).
Analogically to the relative density calcu-
lated by the self-thinning model (Eq. 12), the 
relative sparsity of a stand (TTJ) may be calcu-
lated as follows
 TTJ = LTJ/L1 (13)
We assume that if the value of the relative 
sparsity (Eq. 13) is greater than 1, then the stand 
has exceeded the self-thinning line which will 
result in greatly increased mortality of trees. 
As an indicator of crossing of the self-thinning 
line, a binary variable PIIRTJ was used. PIIRTJ 
assumes a value of 1 if TTJ is greater or equal to 
1, otherwise it equals 0.
According to a conceptual model of forest 
stand development based on the study of the 
Estonian long-term permanent sample plot data 
(Kangur et al. 2005), stand dynamics can be 
divided into four stages: stand initiation, stem 
exclusion, demographic transition and old multi-
aged. These stages are characterised by different 
ecological processes. In this study, we have the 
data from after the stand initiation stage, thus we 
determined three different stand development 
stages (VG) according to dominant species and 
stand age (Table 5), which is common practice in 
Estonian forest management.
Methods
In the present study, the dependent variable is 
EJ, which de nes the probability that a tree will 
survive during the next 5-year period. The value 
of EJ was set equal to 1, if the tree was still alive 
after  ve years, and 0 if it was not. Thus, the 
probability of tree mortality is equal to
 VL = 1 – EJ (14)
Table 4. The species-speci c parameters of the relative density model Tc = Mc/(a0 + a1Hc + a2Hc2 + a3Hc3) developed 
on the basis of Tretyakov’s standard tables (Krigul 1969) and of the self thinning model LTJ = k4 + k5D1 + k6D1H100 + 
k7H100 developed on the basis of Tjurin’s growth and yield tables (Krigul 1969).
Species a0 a1 a2 a3 k4 k5 k6 k7
Pine –30.595 16.631 0.0254 0 –0.00437 0.1834 –0.00216 0.008641
Spruce –7.988 9.279 0.3473 0 0.1807 0.1556 –0.00181 0.003598
Birch 15.344 0 0.7411 –0.0087 0.4083 0.1822 –0.00151 0.00671
Aspen –18.758 8.385 0.3233 0 0.02032 0.1991 –0.00277 0.01046
Other –11.713 8.474 0.2767 0 0.3867 0.1878 –0.00277 0.0000325
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where EJ is the survival probability and VL 
is the mortality probability. One advantage of 
modeling the survival probability EJ is that it 
can be treated as a Markovian process so that the 
survival probability over a period of N years is 
given by the Nth power of the annual probability 
of survival (Vanclay 1994: p. 178).
Simple linear functions are not suitable for 
modeling survival because they may give predic-
tions of the survival probability outside the fea-
sible range (0, 1). For modeling a variate which 
follows a binomial distribution, a logistic model 
may be used where the dependent variable is 
logit-transformed as follows:
 logit(EJ) = ln[EJ/(1 – EJ)] (15)
Through logit-transformation the dependent 
variable is transformed into a variate with a 
normal distribution, which can be analyzed using 
logistic regression:
 logit(EJ) = f(X) (16)
where f(X) is a linear function of the vector X of 
measurement variables.
The inverse of the logit-transformation (Eq. 
15) is the model that we are using to predict tree 
survival probability:
 EJ = ef(X)/[1 + ef(X)] (17)
where f(X) is the equation of a logistic regres-
sion.
In logistic regression analysis, the deviance
(also called as log-likelihood statistic) is used 
to characterize goodness of  t, calculated by 
logarithmic likelihood. The likelihood-ratio test
helps to estimate the in uence of new argu-
ments, added into the model. The likelihood 
ratio follows a �2 distribution �2(p); where p is 
the number of parameters, which allows esti-
mation of the statistical signi cance of added 
arguments (Dobson 2002). To select the best 
subset of variables the score statistic was calcu-
lated for every single tree variable for ranking 
single tree in uence on survival using PROC 
LOGISTIC (Freund & Littell 2000) in SAS. The 
score statistic is asymptotically equivalent to 
the likelihood-ratio test statistic but avoids the 
need to compute maximum-likelihood estimates 
(Schaid et al 2002).
In the case of the traditional linear regression 
analysis (with the assumption of a normal distri-
bution of residuals) to characterize the goodness 
of  t of a model, the root mean square error or 
coef cient of determination (R2) are being used 
(Dobson 2002). By analogy with R2 for ordinary 
regression, the generalized R2 was used which 
represent the proportional improvement in the 
log-likelihood function due to the terms in the 
model of interest as compared with the minimal 
model (Dobson 2002, Shtatland et al. 2002).
 (18)
where logL(M) is the maximized log-likelihood 
for the  tted model with number of parameters 
p; logL(0) is the “null” model containing only 
the intercept term.
The SAS LOGISTIC procedure presents two 
different de nitions of generalized coef cients 
of determination. One has been developed by 
Cox and Snell (1989: pp. 208–209), the other is 
an adjusted one by Nagelkerke (1991). In this 
study the coef cient of determination de ned by 
Eq. 18 was used because Shtatland et al (2002) 
has shown that it has a number of important 
Table 5. Age criteria by dominant tree species for stand development stages (VG).
Species Young stands (NOOR) Middle-age and maturing Mature and over-mature
  stands (KESK) stands (VANA)
Pine < 50 50–99 � 100
Spruce < 40 40–79 � 80
Birch, black alder < 35 35–69 � 70
Aspen < 25 25–49 � 50
Grey alder < 15 15–29 � 30
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advantages over the coef cients of determina-
tion of Cox and Snell (1989) and Nagelkerke 
(1991).
For the logistic ANOVA, the procedure 
GENMOD of the SAS software (Littell et al
2002) was used for analysing the tree cohort 
in uence. For multilevel analysis of tree and 
stand variable in uences the generalized linear 
methods (SAS procedure GLIMMIX) (Schaben-
berger 2005) and the R function lmer (Crawley 
2007) were used. The SAS procedure GLIMMIX 
 ts statistical models to data with correlations or 
non-constant variability and where the response 
is not necessarily normally distributed. Function 
lmer is used for  tting mixed-effects models 
in R (package lme4). Both allow analysing a 
a response variable with a binomial distribu-
tion and logit transformation. However, the SAS 
procedure GLIMMIX implements a restricted 
pseudo-likelihood (RPL) method whereas a 
restricted maximum likelihood (RML) method is 
used in the R function lmer.
Results and discussion
Tree survival probability dependence on 
tree storey
In the present study, four storeys were separately 
identi ed on the analyzed sample plots — the 
 rst storey (1), the second storey (2), the regen-
eration (J) and shrub layer trees (A). The results 
show that the survival probability of the trees 
which belong to the  rst storey is higher than 
that of trees in other storeys (see Table 6). The 
difference in survival probabilities is statistically 
signi cant between the  rst and the second sto-
reys and between the  rst storey and the regen-
eration.
We assume that the difference of the survival 
probability in the storeys in the stand is largely 
caused by the differences in the relative diam-
eter. To evaluate that assumption, a model of 
logistic covariance analysis was applied using 
the procedure GENMOD of SAS
 logit(EJij) = � + �i + (� + �i)DS, (19)
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the ith storey and the jth relative diameter; logit() 
is the logit-transformation (15); � is the model 
intercept; �i is the in uence of the storey to the 
intercept; � is the slope of the regression line 
between the logit-transformation and the relative 
tree diameter DS; �i is the in uence of ith storey 
on the slope of the regression line; DS is the ratio 
between the tree diameter and the  rst storey 
mean squared diameter.
Table 6 presents survival probabilities, cal-
culated with Eq. 19 and their con dence limits 
for different storeys. These results are interest-
ing because of the differences in the viability of 
the suppressed trees in the different layers. The 
value of the relative diameter DS was set to 0.5 
at each layer. In the case of the suppressed trees 
in the second storey and regeneration layer, the 
tree survival was found to be substantially higher 
than the viability of the trees in the  rst storey 
(where DS was also equal 0.5). Much less viable 
were the shrub layer trees. The relatively high 
viability of the regeneration and second storey 
trees is probably due to the fact that spruce, a 
shade-tolerant tree species, is very prominent in 
these storeys, and is found here in greater pro-
portions than in the  rst storey and in the shrub 
layer.
In many sample plots the smaller understo-
rey trees (trees of the second storey, and of the 
regeneration and shrub layer) were either not 
present at all, were measured within a smaller 
circle, or were not measured at all. Therefore, 
only the trees from the  rst storey are considered 
in the following analysis.
Tree survival probability depending on a 
single variable
At  rst, the in uence of each variable on tree 
survival was investigated individually without 
considering the in uence of other variables. The 
in uences were assessed separately for the entire 
data set as well as for the data sets of the three 
stand development stages (young, middle-aged, 
mature).
Table 7 presents the score statistics on differ-
ent data sets, characterizing the in uence of the 
measurement variable X in the logistic regres-
sion formula
 logit(EJ) = � + �X, (20)
where EJ is the survival probability; logit() is 
the logit-transformation; X is the measurement 
observation; �, � are parameters of the regres-
sion equation.
The results in Table 7 show that for the entire 
dataset and also on separate data sets of all stand 
development stages, the tree survival probability 
EJ depended most on the relative height of a tree 
HNLSS. As mentioned before, the tree heights 
which were not measured were calculated using 
a speci c diameter/height relationship. For the 
total database, the second most important vari-
able was the tree relative diameter DS. But in 
middle-aged and older stands this variable was 
not in the  rst triple. The third most important 
variable in the total data set was BALS (the ratio 
between the relative basal area of larger trees and 
the stand basal area).
Table 7. Variables, in uencing tree survival probability the most. The numbers in the table represent score statistics 
of differences between intercept only and intercept with variable.
Variable All data Young stands Middle-aged and Mature and
   maturing stands overmature stands
HNLSS 1881 640 1166 109
DS 1300 435 810 73
BALS 1099 403 620 70
HEGH 907 247 920 85
D 859 188 800 88
HEG5 776 187 932 82
BAL 725 435 249 74
HNLS 606 88 610 60
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Considering the total data set, effective vari-
ables were also both Hegyi competition indices 
(HEGH and HEG5) and then the tree height H,
the tree diameter D and the basal area of larger 
trees BAL. Stand variables (both versions of 
relative density and quality class) and tree spe-
cies were clearly less important than the meas-
ured variables which characterize the relative 
state of a tree. From the practical viewpoint, the 
tree diameter D and the tree relative diameter 
DS are explanatory variables which can be used 
in distance-independent forest-growth models. 
Therefore, these variables are often preferred to 
competition indices which require known tree 
positions.
The in uence of the height to crown base and 
of the relative height of crown base on the tree 
survival probability was analyzed for sample 
tree data sets where the height to crown base 
was measured and the spruce trees were left out. 
The results show that in young and middle-aged 
stands, the in uence of the height to crown base 
on the tree survival probability was less than the 
in uence of the other variables listed in Table 7. 
Old stands were an exception; there, the in u-
ence of relative and absolute height to crown 
base on mortality was clearly higher than the 
in uence of other variables.
Tree survival probability dependence on 
several variables
Tree survival probability EJ was modeled with 
the two-level mixed model
 (21)
where EJij is the tree survival probability; logit() 
is the logit transformation (Eq. 15), �0j is the 
random intercept (�0j = �0 + uj:uj ~ N(0, �u
2),
i is the tree number; j is the plot number; X1ij,
X2ij are tree level variables; Xmj, Xm+ 1j are stand 
level variables; �0, �1, �2, �m, �m+ 1, ... are model 
parameters.
Taking a great number of arguments into the 
model may be justi ed in the case of a random 
sample, such as a forest inventory, where all ele-
ments of a population have the same probability 
to be part of the sample. Unfortunately, the selec-
tion of stands in the Estonian forest research plot 
network was not entirely random, which is also 
revealed in the distribution histograms in Figs 
2 and 3. That is why the principle of developing 
a model which is as parsimonious as possible 
(Burkhart 2003) was followed in this study.
The selected variables (Table 2) were divided 
into three groups: vertical size variables (HNLS, 
HNLSS, H1, etc.), horizontal size variables (D,
DS, D1, etc.) and competition variables (BALS, 
BAL, HEG5, HEGH, etc.). Variables of relative 
size (relative diameter, relative height) could be 
handled as size group variables as well as com-
petition group variables. However, in this study 
relative size variables were handled as size group 
variables, because we assume that they are indic-
ative of the amount of resources needed for tree 
survival. For selecting variables into the multiple 
model, an ordered list of score statistics was cal-
culated for all variable combinations using the 
LOGISTIC procedure. However, not all variable 
combinations on top of the list of score statistics 
were biologically interpretable and with statisti-
cally signi cant parameter estimates. For multi-
level logistic modeling with a random intercept 
(Eq. 21) we selected one tree level variable from 
each group, a stand level competition variable, 
and the tree species as regressors (HNLSS, DS, 
BALS, TTJ, KUDS, PL). The results of this mul-
tilevel logistic modelling on different data sets 
are presented in Table 8.
Table 8 presents two sets of results of multi-
level logistic modelling, one obtained with the 
SAS procedure GLIMMIX and the other with 
the R function lmer. Both procedures use dif-
ferent methods for parameter estimation. Nev-
ertheless, both methods established the same 
set of signi cant variables and produced similar 
parameter estimates which is somewhat reas-
suring. All terms in the model are biologically 
sound: tree survival (EJ) is increasing with 
increasing relative height (HNLSS) and decreas-
ing with increasing competition status (BALS, 
TTJ). Considering the effect of different tree 
species, spruce survival was signi cantly higher 
and grey alder survival signi cantly lower than 
other tree species for all development stages. 
This can be explained by the shade tolerance of 
spruce and the short life of grey alder. Signi -
cance of variable KUDS for old stands indicates 
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a relatively lower survival of bigger spruces 
because of wind- and fungi damages (Laarmann 
2007).
Conclusions
Tree mortality is a key factor in the under-
standing of forest dynamics. The accuracy and 
relevance of a growth model depends on the 
accuracy of predicting tree survival. The present 
study has shown which tree and stand variables 
affect tree survival probability most in Estonian 
forests.
Tree survival was analyzed using a data set 
which includes 31 097 trees from 236 research 
plots, measured twice during 1995–2004. During 
the 5-year period between measurements, alto-
gether 2319 trees (or 7.5%) had died (dead 
standing, broken or fallen).
The survival probabilities, presented in Table 
6 are interesting because of the differences in the 
viability of the suppressed trees in the different 
layers. In the case of the suppressed trees in the 
Table 8. Results of generalized linear mixed modeling with PROC GLIMMIX (SAS) and function lmer (R) for Eq. 21.
Regressor All data Young stands Middle-aged and  Mature and 
   maturing stands overmature stands
Coef cients of model with GLIMMIX
  Estimate SE Estimate SE Estimate SE Estimate SE
Intercept  2.1624 0.4232 4.8111 0.9713 –1.2635 0.4227 10.2931 2.2789
HNLSS  4.3433 0.2559 4.5473 0.6140 4.6567 0.5607 3.4531 1.1361
DS    –1.7344 0.7159 1.7057 0.3859  
BALS  –1.8928 0.2319 –4.1013 0.7873   –2.3698 0.8679
TTJ  –2.1976 0.2510 –1.7800 0.3975 –1.8281 0.3929 –9.9323 1.8795
KUDS        –3.8111 1.7460
PL Aspen –1.3529 0.1125 –1.3610 0.1885 –1.4853 0.1609 –1.1760 0.5093
 Birch 0.0796 0.0871 0.0317 0.1583 0.0179 0.1261 –0.1850 0.4064
 Spruce 0.2272 0.1032 0.2561 0.1470 0.3762 0.1732 1.7442 1.7761
 B. alder –0.1938 0.2058 –0.6747 0.2605 1.0037 0.5192 –1.6863 0.9211
 G. alder –1.9203 0.1083 –1.5491 0.2054 –2.2703 0.1403 –2.6151 0.4481
Type III Tests of Fixed Effects
F Den df F Den df F Den df F Den df
HNLSS  288.06 24906 54.85 8718 68.99 14203 9.24 1969
DS    5.87 8718 19.53 14203  
BALS  66.63 24906 27.14 8718   7.46 1969
TTJ  76.66 234 20.05 78 120 21.65 27.93 32
KUDS        4.76 1969
PL  94.40 374 25.95 138 173 71.49 7.42 53
Coef cients of model with lmer
  Estimate SE Estimate SE Estimate SE Estimate SE
Intercept  1.9623 0.6442 4.7740 1.2959 –0.7766 0.7268 8.9933 2.3692
HNLSS  5.3326 0.3016 4.8669 0.8782 4.8496 0.6391 3.5957 1.0692
DS    –1.0344 0.9549 1.8207 0.4109  
BALS  –1.6489 0.2420 –3.8207 0.8970   –2.2355 0.8047
TTJ  –2.8763 0.6070 –2.8202 1.0808 –2.4132 0.7999 –8.4635 2.1181
KUDS        –3.5764 1.6793
PL Aspen –0.8172 0.1998 –0.6762 0.3882 –0.9910 0.2642 –1.1893 0.5332
 Birch 0.1714 0.1479 0.4230 0.2951 0.1042 0.1910 –0.3125 0.4440
 Spruce 0.4109 0.1701 0.7031 0.2699 0.3845 0.2434 1.6453 1.7147
 B. alder –0.2659 0.2540 –0.6531 0.3643 1.0362 0.5261 –2.0163 0.8827
 G. alder –2.0647 0.1924 –1.5209 0.3300 –2.6542 0.2577 –2.5840 0.5444
Fit statistics
logLik  –4856  –1692  –2752  –363.1
Deviance  9712  3384  5505  726
R 2  0.168  0.189  0.168  0.084
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second storey and regeneration layer, the tree 
survival was found to be substantially higher 
than the viability of the trees in the  rst storey 
(for a given value of DS = 0.5).
The logistic form was used for modeling tree 
survival probability. The in uence of 35 tree 
and stand measurement variables (Table 2) to 
tree survival probability was estimated using the 
score statistics of a logistic regression.
The research of separate single variables 
revealed that the mortality of trees is mostly 
in uenced by tree measurement variables (pre-
sented in decreasing order of score statistic, 
Table 7): tree calculated relative height HNLSS, 
tree relative diameter DS, relative basal area 
of larger trees BALS, Hegyi competition index 
HEGH in a circle with radius 0.4H1, tree diam-
eter D, Hegyi competition index HEG5 in a 
circle with a 5-m radius, basal area of larger trees 
BAL and tree height H. The study revealed that 
it is useful to divide the total data set into three 
development stages de ned by dominant tree 
species and age: young, middle-aged and matur-
ing, mature and very old stands. In each of these 
categories, different in uencing factors turned 
out to be dominant.
The obtained results improve our knowledge 
of Estonian forest stand dynamics. It is possible 
to apply the proposed models in forest simula-
tion studies as a preliminary approximation of a 
tree mortality component. The development of 
 exible simulators, which complement existing 
yield-tables, will signi cantly improve decision-
making in practical forest management.
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Glk% TBP CDI 
Heath General 37 221 64 99 150 16.5 0.67 11 48 78.1* 5.0 30 
South-East 3 129 58 101 197 27.0 0.78 14 64 72.8* 4.9 32 
North-East 27 221 63 98 161 19.1 0.66 13 47 73.7* 4.5 24 
Islands 7 135 74 100 129 11.6 0.43 10 59 80.7* 06.Bir 44 
Mesotrophic General 72 211 78 101 126 8.1 0.64 8 69 75.4* 01.Lie 41 
South-East 25 145 74 100 145 12.5 0.63 8 69 76.3* 7.9 44 
North-East 13 83 67 100 125 11.7 0.41 10 62 72.8* 3.7 25 
Islands 23 210 76 101 128 11.1 0.45 9 58 77.2* 6.0 38 
South-West 11 89 63 101 133 14.1 0.53 10 48 56.1 3.4 8
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1901 - 1945 + + + +
1902 - + 1946 + + + +
1903 + 1948 +
1906 - 1951 -
1907 + 1953
1909 - 1956 - -
1910 + 1957 +
1911 + 1958 - -
1913 + + 1961 +
1914 - 1962 +
1918 + 1967 +
1919 - 1969 - - - -
1920 - 1970 -
1921 + + 1973 +
1922 + 1975 +
1923 + 1977 - -
1925 + + 1980 + + + +
1927 1981 + - -
1928 - + 1983 - + +
1929 - 1984 + - -
1931 - - 1985 - - -
1932 - - + - 1986 -
1934 + + 1988 +
1936 - 1989 + + +
1937 + - 1990 + + +
1938 - + + 1991 -
1940 - - - - - 1997 +
1941 - - 1999 +
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��������ºC), 1946 (mean T Dec-Feb –6.4ºC), 1988/89
(mean T Dec–Feb –1.0ºC) and 1999/2000 (mean T Dec–
Feb –1.7ºC). Even though in 1946 the average winter
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Abstract 
This study presents the results of a dendrochronological and dendroclimatological study of Scots pine 
growth on dry sites in Estonia and Finland. Increment cores from two regions in Estonia and from five 
regions in Finland are used. The cores were collected from living trees nearby permanent research plots in 
Estonia and from the National Forest Inventory (NFI) plots in Finland. A total of 1024 trees’ radial 
growth was measured in 551 sample plots. The relationship between two types of standardized index 
series (regional growth curve RGC and negative exponent curve EXP) and weather parameters derived 
from daily data was characterized by correlation analysis. According to the location of studied sites 
(regions), positive correlation of precipitation and negative correlation of temperature (e.g. spring 
temperatures, drought etc) to the radial growth of Scots pine trees was found. A similar climate impact to 
the radial growth in mean temperature and the sum of precipitation in August of the previous year was 
found in several regions (HI, EK, OP, PK), which means that drought could be the main growth limiting 
factor in several regions. The correlation between spring temperature (mid-March – early-April) and 
diameter increment seems also to be positive and significant in some regions (HI, EK, EP, OP, SO). 
Cropper method was applied to pointer year analysis in different regions. According to the analysis, 1967 
and 2000 were the most significant positive pointer years in several regions; and 1969 was a negative 
pointer year in five regions. Therefore, weather prerequisites for tree growth are expected to change 
gradually from south to north regions. 
 
Key words: correlation analysis, increment cores, permanent research sample plots, NFI, radial growth, 
biogeography, Cropper method 
Introduction 
Growth variation of trees and its response to climatic and environmental factors provide 
information on the present and past environment, particularly in the areas where tree growth is 
sensitive to climate factors (e.g. Fritts 1976, Levanič and Eggertsson 2008). Therefore, the 
radial growth responses of trees to weather and climatic variations have been studied in many 
countries. Growth limiting factors like temperature, radiation and precipitation vary from region 
to region and year to year (e.g. Helama and Lindholm 2003, Hordo et al. 2009, Vitas 2008). 
Throughout Europe, Scots pine (Pinus sylvestris L.) has widely been used in 
dendroclimatological research and climate reconstructions (e.g. Bogino et al. 2009, Läänelaid 
1997, Mäkinen 1998). Scots pine is one of the most comprehensively investigated tree species 
also in the Baltic and Nordic countries (Erlickyté and Vitas 2008, Hordo et al. 2009, Läänelaid 
and Eckstein 2003, Lindholm et al. 2000, Lindholm et al. 2009, Mäkinen 1998, Pasanen 1998, 
Pärn 2002, Pärn 2008, Zunde et al. 2008). Different factors control its growth in climatically 
different regions (Cedro 2001, Helama and Lindholm 2003, Vitas and Erlickytė 2007). The 
relationship between weather and growth is not easy to explain, because short- and long-term 
weather events as well as local ecological conditions affect growth differently (Schweingruber 
1996). It is necessary to consider the entire operational environment of the tree and the various 
effects of factors on processes occurring at different times in the year, and in different parts of 
the tree (Fritts 1976). 
However, spatial comparison of time series in tree growth enables the identification of 
environmental driving forces of growth variation and the underlying mechanism behind it. 
Spatial and temporal gradients also offer possibilities for formulating more specific hypotheses 




research has focused on comparing dendrochronological records between Finland and Estonia. 
Understanding the natural dynamics of pine forests and the factors affecting tree growth within 
these forests is an important management issue. Varying weather conditions and the length of 
growing seasons should result in strong climate signals. However, disturbance and competition 
can also have major impact on tree growth. Therefore, the variability in tree-ring series depends 
on internal and external factors such as climate, competition and their interactions (Piutti and 
Cescatti 1999). The strong association between tree growth and weather variables indicate the 
potential usefulness of this pine species in dendroclimatic studies. The comparison of data from 
several sites will identify common changes in tree growth, which represents important evidence 
of large, regionally representative climate-based growth changes. Regional differences between 
sites indicate local differences in growing conditions. 
The aim of the study was to compare the growth variations and identify pointer years of 
Scots pine growing on dry and sandy sites in different regions in Finland and Estonia. 
Furthermore, we analyzed annual growth responses to weather variations, including weather 
variables derived from daily data. 
 
Material and Methods 
Tree ring data 
We used the increment cores of Scots pine trees on dry and sandy sites from two regions 
in Estonia and five regions in Finland (Figure 1). In Estonia, a total of 51 permanent growth and 
yield plots in dry and sandy soils (Calluna, Cladonia and Vaccinium site types) were selected 
from North-East Estonia (NE) and Hiiumaa Island (HI) in 2007 (Hordo et al. 2009, Sims et al. 
2009). Outside each plot, up to 8 dominant trees without severe damage were selected. From 
each selected tree, two increment cores in opposite directions were taken using an increment 
borer at 1.3 m above the ground. Annual ring-widths were measured with an accuracy of 0.01 
mm using the LINTAB tree-ring measuring table with the computer program TSAP-Win 
Scientific Version 0.59 (Rinn 2003).  
In Finland, increment cores were collected as part of the 9th (1996 – 2003) and 10th 
(2004 - 2008) National Forest Inventory (NFI). In the NFI, the total land area is covered by a 
systematic cluster sample (Tomppo 2006). In this study, plots on sandy soils with relative 
infertile site (Vaccinium, Empetrum-Myrtillus, and Empetrum-Vaccinium types (Cajander 
1949)), and with infertile site (Calluna, Myrtillus-Cladina, and Cladina types) were selected. 
From the north to the south of Finland, five climatically different regions (Sodankylä (SO), 
Oulun Pohjanmaa (OP), Pohjois-Karjala (PK), Etelä-Pohjanmaa (EP) and Etelä-Karjala (EK) 
were identified with high density of plots. The number of plots in each region was set to be 100 
and the plots closest to the mid-point of each region were included in the sample. In the Finnish 
NFI, trees to be measured are selected using the angle-gauge method (Bitterlich 1984), except 
for large trees, which are sampled using a fixed radius. Every seventh tree tallied on temporary 
sample plots is cored to the pith at 1.3 m height. The tree-ring measuring equipment consists of 
a microscope connected to a computer. Since 1999, about 50% of cores have been scanned and 
ring-widths measured using the WinDENDRO™ Software (Regent Instruments Inc., Quebec, 
Canada). The accuracy of ring-width measurement is 0.01 mm. In this study, only trees with at 
least 30 annual rings were included. 
A total of 1024 trees were measured in 551 sample plots (Table 1). Five trees were 
excluded from the final analysis because they could not be cross-dated. The distribution of 
sample tree age by regions is shown in Figure 2. 
 
Growth variation 
The tree-ring measurements were visually cross-dated (Pilcher 1990) and assessed using 
the program COFECHA (Grissino-Mayer 2001, Holmes 1983). Statistical parameters like mean 




(SNR), and Gleichläufigkeit (Glk) were calculated to characterise the variations in the tree-ring 
data. MS is the mean percentage change from each measured annual ring-width to the next 
(Douglass 1936) and, compared to SD, MS is a measure of the variation at high-frequency 
(Fritts 1976). AR was calculated to estimate serial correlation (Fritts 1976). SNR represents the 
strength of the observed common signal among trees (Cook et al. 1990): , where  
is the average correlation between trees and N is the number of trees in the ensemble of 
standardized tree-ring indices. Glk, a measure of the year-to-year agreement, calculated as the 
number of times that two series show the same upward or downward trend relative to the 
previous year (García González and Eckstein 2003); values of Glk greater than 60% were 
considered significant.  
The measured tree-ring series were detrended (by two methods: negative exponent 
curve and regional growth curve) using the program ARSTAN v6.05P (Cook 1985). 
Standardization of the regional growth curve (RGC) process was based on double-detrending. 
First, a negative exponential or linear regression was fit to individual series. Second, a spline 
curve with 50% cut-off in 67% of n years was fitted. Thereafter, annual indices were calculated 
as ratios between the measured and fitted values. In the climate-growth analysis, two different 
standardization procedures were compared, i.e. the EXP series calculated as ratios after the first 
step described above, and the so-called RGC series (regional growth curve standardization) 
calculated after the second step. Finally, the indices were pre-whitened using an autoregressive 
model (ARMA) selected on the basis of the minimum AIC (Akaike 1974) criterion. The 




Statistical characteristics of weather data, such as annual sums of precipitation (mm) 
and annual minimum, mean and maximum temperatures (°C) (Table 2) were obtained from the 
weather stations of the Estonian Meteorological and Hydrological Institute (EMHI) and Finnish 
Meteorological Institute (FMI). 
The data from the closest weather stations to the plot were used and the data from the 
next to the closest weather station were used to fill gaps in data set. Two types of weather 
variables, derived from monthly and daily data, were used. Daily weather data were available 
over the period of 1960 to 2005. Additional mean and sum of weather variables were calculated 
from daily data and used in the weather-growth analysis (Table 3). Annual values were 
calculated for the variables drought period (Pn0), annual precipitation sum (Ps10), etc in 
Table 3. In addition to monthly values, half-monthly values were calculated (from dates 1-15 as 
week 1 (w1) and 16-31 as week 2 (w2)) as well as ten day means/sums (from dates 1-10 as 
period 1 (p1), 11-20 as period 2 (p2) and 21-31 as period 3 (p3)) for temperature and 
precipitation, respectively. 
Estonia has a temperate climate with warm summers and severe winters. The average 
annual temperature is around 4-6°C (EMHI 2010) and warmer near coastal areas, about 7-8°C 
(Table 2). The annual precipitation sum is between 500 mm and 750 mm, of which about 40-80 
mm falls as snow. The vegetation period (daily air temperature above 5°C) usually lasts from 
170 to 180 days (EMHI 2010). 
The main factor influencing Finland's climate is the location between the 60th and 70th 
northern latitudes in the Eurasian continent's coastal zone. The mean annual temperature is 
about 5.5°C in south-western Finland, decreasing towards the northeast (Table 2). The 0°C 
mean annual temperature runs slightly to the south of the Arctic Circle. The annual variation in 
precipitation is rather similar throughout the country. In southern and central Finland, the mean 
annual precipitation is between 600 and 700 mm, except on the coast where the annual 
precipitation is slightly lower. In northern Finland, where about half of the rain falls as snow, 
the annual precipitation is about 600 mm. The lowest annual precipitation has been 200 to 300 




1100 mm elsewhere. The average length of the growing season is 180 days in the south-western 
archipelago, 140 to 175 days elsewhere in southern and central Finland, and 100 to 140 days in 
Lapland (FMI 2010). 
 
Correlation analysis  
In this study, the chronology length of 46 years (1960-2005) was chosen to assess the 
influence of weather variables on tree growth by using the Pearson correlation coefficient. The 
weather variables over an interval starting from August of the previous growth year and ending 
in August of the current growth year were used in the correlation analysis. The Pearson 
correlation coefficient was used to evaluate the variations increment indices in each region 
using the RGC and EXP chronologies. The correlations were considered significant when the 
correlation coefficient was above 0.3 or below -0.3 (p < 0.05). The statistical analyses were 




The pointer year analysis is a method of showing annual growth reactions due to abrupt 
changes in environmental conditions (Cropper 1979, Neuwirth et al. 2007, Schweingruber 
1990). We used Cropper (1979) method, where ratios among the raw annual measurements for 






where xi – tree-ring width in the year i; mean[window] and stdev[window] – arithmetic mean 
and standard deviation of ring widths in the moving window xi-6, xi-5, xi-4, xi-3 xi-2, xi-1, xi, xi+1, 
xi+2, xi+3, xi+4, xi+5, xi+6. Years with Zi higher than 1 or lower than -1 were defined as positive or 
negative pointer years, respectively (Neuwirth et al. 2007, Pourtahmasi et al. 2007). The 
positive and negative Cropper values were divided into three classes by intensity: ‘weak’ for 
1iZ , ‘strong’ for 28.1iZ , and ‘extreme’ for 645.1iZ  (Neuwirth et al. 2007). Years 
were considered as common pointer ones for a given chronology if half of the cores displayed 




Tree ring chronologies 
The mean tree-ring width ranged from 0.985 to 1.453 mm, increasing from the 
northernmost region to the south (Table 4), except in the NE region. The average standard 
deviation of the individual ring-width series (before detrending) decreased from the 
southernmost region to the north. In contrast, the average mean sensitivity was relatively similar 
in all regions and Glk ranged from 61.893 to 84.944%, which indicate to the significant 
concordance between trees in regions. The high first-order autocorrelations (AR(1)) reflect a 
high persistence of the ring-width chronologies, indicating a significant impact of previous 
year’s climate and current year’s ring width (Fritts 1976, Fan et al. 2009). Accordingly, AR(1) 
was high in raw ring-width series. The two chronologies (RGC and EXP) from seven regions in 
Estonia and Finland (Table 4, Figure 3) were created and compared. The RGC and EXP 
chronologies showed similar MS and SD values. Between the regions, SNR varied from 6.41 to 
26.44 and from 7.27 to 25.2 in the RGC and EXP chronologies, respectively. 
The 46-year standardized chronologies ranging from 1960 to 2005, developed by two 
types of detrending methods, the regional growth curve (RGC) and the negative exponent curve 
(EXP) are presented in Figure 3, respectively. Correlation coefficients with 95% confidence 




shown in Table 5. The highest correlation was found in Finland (PK region), r = 0.983, similar 
results in SO, EP and NE. These results indicate a significantly high correlation between two 
detrending methods in regions. However, as the results of compared methods were close to each 
other, only the results of the RGC method are presented in further analysis. 
The correlation coefficients between the index series of analyzed regions in Finland and 
Estonia are presented in Table 6. No significant correlations were found between the 
chronologies in Sodankylä, located in northern Finland, and the southern study sites (regions). 
Indexes on the Hiiumaa Island (HI), located on the west coast of Estonia and in the eastern part 
of the Baltic Sea, significantly correlated with the chronologies in southern regions (EK and EP) 
in Finland and north-east of Estonia, respectively. The results show significant correlation 
between growth variations in closely located regions (Figure 4). 
 
Weather-growth relationship 
Monthly weather data 
Negative correlation was found between increment indices and the temperature in 
August of the previous year (t_8) in regions HI, EK, PK, and positive correlation in region SO 
(Table 7). The temperature in September of the previous year (t_9) had positive correlation in 
OP, while the temperature in December (t_12) had negative correlation in NE. Temperature in 
March of the current year (t3) correlated positively in EP and SO, as well as temperature in 
April (t4) in EP. In SO, the temperature in July of the current year (t7) had positive correlation, 
and the temperature in August (t8) had negative correlation in HI. In EP and OP, the annual 
temperature sum (Tsum) also had positive correlation, while in SO, positive correlation was also 
found between the temperature sum (Tsveg) and mean temperatures (Tmveg) during the 
vegetation period (from May to August). 
In different regions, the sum of precipitation had positive correlation in August (p_8) 
and December of the previous year (p_12), as well as in March (p3), May (p5) and August of 
the current year (p8) (Table 7, Figure 5). Furthermore, the precipitation sum during the whole 
growing season (Psveg) had positive correlation in HI. Negative correlation was only found 
with the precipitation sum in April of the current year (p4) in EK. 
 
Weather variables for two-week periods 
However, it is possible to use daily weather data to get more information about the 
effects between specific climate periods and increment indices. Figure 6 shows the results of the 
analysis between mean temperatures and indices, respectively for each month for the first (w1 – 
from1-15 day) and the second half (w2 – from 16-31 day) (Table 3). Also, correlation between 
indices and the precipitation sum was estimated for two week periods, illustrated in Figure 7 
and presented in Table 7. Positive correlation was found between indices and the temperature in 
the second part of September of the previous year (t_9w2) in OP. Temperature in the beginning 
of December (t_12w1) of the previous year had negative correlation in HI, while positive 
correlation in the same region occurred with the temperature in the beginning of January of the 
current year (t1w1). Temperatures in the end of March of the current year (t3w2) and in the 
beginning of April (t4w1) had positive correlation in EP and HI, respectively. Positive 
correlation was also found between the temperature in the beginning of May (t5w1) and 
increment indices in SO. Temperature in the second half of June (t6w2) had positive correlation 
in EP, PK and NE. In SO, temperature in the beginning of July (t7w1) also had positive 
correlation with growth indexes. 
The estimated correlations between the increment indices and precipitation sum in two-
week periods are given in Figure 7 (Table 7). In EP, OP and NE, precipitation in the beginning 
of August of the previous year (p_8w1) had positive correlation. Positive correlation was also 
found between the indices and precipitation sum in the beginning of December of the previous 
year (p_12w1) in EK and EP. In EK, the precipitation sum at the end of April (p4w2) had 
negative correlation, also the precipitation in the beginning of May (p5w1) in EP, while in SO, 




precipitation in the beginning of July (p7w1) had negative correlation in SO. Positive 
correlation was found between precipitation in the beginning and end of August (p8w1, w2) in 
NE. 
 
Weather variables for ten-day periods  
Positive correlation was detected between increment indices and temperature in the 
middle of September (t_9p2) in NE and OP (Figure 8). In HI, temperature at the end of 
December of the previous year (t_12p3) and in the beginning of January (t1p1) had positive 
correlation with growth indexes. Temperature in the end of March (t3p3) and the beginning of 
April (t4p1) had positive correlation in (EP, SO) and (EK, EP, OP, HI,) respectively. In SO, 
temperature in the beginning of May (t5p1) had positive correlation. Positive correlation was 
found in NE in temperature in the beginning of June (t6p1), also in the end of the same month 
(t6p3) in EP and PK. Positive correlation was found between indices and temperature in the 
middle of July (t7p2) in SO. In HI, temperature at the end of August of the current year (t8p3) 
had negative correlation with radial growth. 
In HI and PK, positive correlation occurred between the precipitation in August of the 
previous year, in the middle and end of the month (p_8p2, p3), respectively (Figure 9). Negative 
correlation was found between indices and precipitation in the middle of October of the prior 
year (p_10p2) in NE. Precipitation in the middle of December of the previous year (p_12p2) 
had positive correlation in EK, EP and HI. In the end of March (p3p3) precipitation had positive 
correlation in EP, while had negative correlation in the mid of April (p4p2) in EK and positive 
correlation in SO. In the beginning of May (p5p1) negative correlation between growth indices 
and precipitation in EP was found, while positive correlation was found at the end of the same 
month (p5p3) in EP, PK, and SO. SO had negative correlation between indices and precipitation 
in the beginning of July (p7p1). Positive correlation was found between increment indices and 
precipitation in the beginning of August (p8p1) in HI and NE and also at the end of the month 
(p8p3) in NE. 
 
Periods with extreme weather conditions 
Significant correlation was found between the weather variables listed in Table 3 and 
radial growth indices in this study (Figure 10; Table 7). The annual temperature sum (Tsum) 
correlated positively in regions EP and OP. In HI, positive correlation occurred with several 
weather variables, like the precipitation sum on vegetation period (Psveg), annual precipitation 
sum (Psum), annual precipitation sum of high rainfall and length (Ps10 and Pn10 respectively) 
and the annual temperature sum below 0°C or -5°C (Ts0 and Ts_5 respectively). Temperature 
(length of frost period below -5°C (Tn_5) or -10°C (Tn_10), also annual temperature sum over 
+20°C (Ts20) or +25°C (Ts25)) had negative correlation in HI. In NE positive correlation was 
found between mean temperatures of the first part of the vegetation period (Tm5a) and 
increment indices. The length of vegetation period (Tn5, Tn5a) correlated negatively in EK. 
These results indicate that precipitation had a positive effect on growth in southern regions and 
also that temperature is limiting tree growth in southern regions. 
 
Pointer year analysis 
Strong and extreme pointer years were identified from different regions in Finland and 
Estonia (Table 8). In Finland, significant negative pointer years 1992 (--) and 2003 in EK were 
detected and 1967 (++) and 1990 were positive years; in EP, negative pointer years were 1963 (-
-) and 2003 (--), while positive event years were 1975 (++) and 1990; in OP considerably 
positive pointer years were 1967 and 1975 (++); the significant positive pointer years were 1967 
(++), 1975 and 1988 (++) in PK; in SO, the negative event year was 1981 and the positive year 
1976 (++). In Estonia, the significant negative event year was detected to be 2003 in HI, and 
positive years were 1967 and 1980; in NE, important positive years were 1967 (++), 1980/1981 
(++), 1989/1990 (++). The pointer year analysis identified a total of 11 extreme event years. A 




pointer year was 2003 in EK, EP and HI. The results of pointer year analysis indicate the 
different weather variables which have the essential effect on the sharp decrease or increase in 
the radial growth of pine trees for the studied period (1960-2005). 
 
Discussion 
In this study we explored the spatial correlation between index series and between 
climatic factors and the diameter increment of Scots pine (Pinus sylvestris L.) growing on dry 
and sandy site types in different regions in Finland and Estonia. The chronologies generally 
display a high year-to-year variability (mean sensitivity), which is typical of conifers growing in 
dry environments. A similar climate impact to the radial growth in mean temperature and the 
sum of precipitation in August of the previous year was found in several regions (HI, EK, OP, 
PK), which means that drought could be the main growth limiting factor in several regions. 
Weather parameters from January till April were more important in the south compared to the 
north, where the summer (July) was significant. The correlations between spring temperatures 
(mid-March – early-April) and radial increment seem also to be positive in some regions. This 
relationship is interesting and it has been reported in some early Nordic studies (e.g. Laitakari 
1920, Holmsgaard 1955, Jonsson 1969). Also the recent study by Holopainen et al. (2006) 
found that the correlation between spring temperatures and tree-rings occur, at least in southern 
Finland, and was strongest at the end of the 1800s and beginning of the 1900s. 
Generally, the negative effect of the temperature of the previous year on the radial 
growth could be explained by the promotion of bud differentiation during this time. The late 
summer temperature affects the amount of nutrient storage which encourages sprouting in 
spring. This in turn affects the next growing year ratio of sprouts and diameter increment 
(Lõhmus 1992). A similar effect is mentioned in Finland by Henttonen (1984) and in Sweden 
by Jonsson (1969). Additionally, the reason for that could be regional diversity, length of the 
growing season, growing conditions, winter severity and longevity etc. Considering that a 
higher temperature would stimulate tree growth in spring, severe and long winters have a 
limiting effect on tree growth. Usually, temperature may be considered as the most important 
single factor initiating growth activity (Vaganov et al. 2006); however, low humidity can cause 
an earlier termination of growth in a season (Fritts 1976). A combination of temperature and 
humidity changes in particular intervals of a season produces acceleration or deceleration of 
growth processes (Schweingruber 1996). It is confirmed by Jaagus (2006) and Jaagus et al. 
(2003) that beside temperature, precipitation has the most profound effect on growth; however, 
precipitation is an extremely unstable climate variable which makes long-term changes almost 
impossible to predict. 
Previous studies on growth variation in northernmost Fennoscandia have concentrated 
on Scots pine (Elfving et al. 1996, Mäkinen et al. 2002) and showed that the average 
temperature in July is the best climatic predictor of radial growth, followed by the temperatures 
in August and June. This study presents a geographical approach to the growth variation of 
Scots pine and the relationships between radial growth and weather. The results of previous 
studies indicate that in Finland, the growth variation of Scots pine is related to the temperatures 
of the current summer, even though the dependence in not very strong in the southern part of 
Finland (Mäkinen et al. 2001, Mikola 1950). One of the expected effects of climate change is an 
increase in temperatures. Warmer temperatures may increase tree growth in northern Europe, 
but these types of effects are unlikely in central Europe. Temperatures during the growing 
season are the most important for Scots pine growth in dry sites. Notable is the positive and 
significant influence of precipitation at  dry sites prior to the growing season. The observed 
correlations with weather variables were in most cases rather low. Fritts et al. (1965) concluded 
that climatic control of growth increases towards the limits of tree growth, i.e. trees growing on 
more favourable sites do not respond as strongly to drought as trees on dry sites. Therefore, the 




complex and the factors that affect tree growth may even change from year to year. The result 
may also indicate that air temperature and precipitation influence the chronology characteristic 
in a different manner. The changes in average temperature and precipitation followed by the 
possible climate change may not necessarily be the most influential factors regulating tree 
growth in the future. Possible changes in severity and frequency of extreme stresses may 
influence growth more (Mäkinen et al. 2002). High winter temperatures may have a negative 
effect on tree growth due to increasing respiration and evapotranspiration during a period when 
the losses cannot be replaced by photosynthesis and water supply (Lõhmus 1992, Mäkinen et al. 
2000, Traquillini 1979). 
Environmental factors influencing tree growth and their temporal variation may 
naturally be rather different in the seven regions. It is logical to expect a decline in radial growth 
and changes in factors controlling tree growth at the northern sites in comparison with the 
southern ones. There are differences in the timing and duration of the growing season, as well as 
in climatic conditions, most noticeably from north to south (Briffa et al. 1987, Mäkinen et al. 
2002). Going from the north to the south, tree-growth becomes less affected by growing season 
temperatures and more affected by e.g. precipitation (Lindholm et al. 1997). Therefore, climatic 
prerequisites for tree growth are expected to change gradually from south to north throughout 
the temperate and boreal zones (Hofgaard et al. 1999). 
The pointer year analysis identified 11 pointer years in different regions. A significant 
positive pointer year was detected in 1967 (EK, OP, PK, HI and NE), while the negative pointer 
year was 2003 in three different regions (EK, EP and HI). The main causes for the sharp 
reduction of the radial growth revealed by pointer year analysis are connected to droughts, 
winter colds and spring frosts. The depression of growth is very easily attributed to negative 
weather events in the period, when the meteorological observations are available. Extreme 
events usually last only a few months and the organism can survive these conditions (Ahas et al. 
2000), but the influence of extreme events may last for several years (Jaagus et al. 2003). 
These results of analysis indicate the importance of daily weather variables, which help 
to detect the effect of a specific period on radial growth. In general, more detailed climate 
variables like daily data are more advanced data sets for detailed analysis and finding out the 
exact length of frost or heat period, also the length of the growing season and other significant 
variables which are influencing tree increment. 
 
Conclusions 
Diverse climate parameters are found in different regions, affecting the radial growth of 
pine trees. However, the results of analysis indicated to the significant relationship between 
diameter increment and mean temperature and the sum of precipitation in August of the 
previous year and also with early spring temperature (mid-March – early-April). The results of 
pointer year analysis distinguished 11 extreme pointer years in different regions, the analysis of 
which revealed the significant response to the winter temperature and the temperature of 
growing season. As the relationship between tree growth and climatic conditions, also with site 
characteristics are very complex and the factors that affect tree growth may even change from 
year to year.  
However, in the future, more research would be needed between weather data and 
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Вариации прироста сосны обыкновенной в Эстонии и Финляндии 
МАРИС ХОРДО, ХЕЛЕНА М. ХЕНТТОНЕН, ХАРРИ МЯКИНЕН, САМУЛИ ХЕЛАМА 
и АНДРЕС KИВИСТЕ 
Резюме 
В даной статье преставлены результаты дендрохронологических и 
дендроклиматологических исследований радиального прироста сосны обыкновенной 
(Pinus sylvestris L.) в сухих лесах Эстонии и Финляндии. Серцевины деревьев для 
изучения годичных кольц были получены из двух регионов в Эстонии, и из пяти 
регионов в Финляндии. В общей сложности были изученны 1024 деревьев c 551 пробного 
участка. В Эстонии серцевины были получены из растущих деревьев поблизости 
пробных участков, и с участков национального лесного кадастра в Финляндии. 
Отношения между двумя типами стандартизированных индексов серии (региональной 
кривой роста РГК и отрицательным показателем кривой EXP) и метеорологическими 
параметрами, полученными от ежедневных данных были охарактеризованны при 
помощьи  корреляционного анализа. В зависимости от местоположения, радиальный 
прирост сосны обыкновенной имеет позитивную корреляцию с количеством осадков и 
негативную корреляцию корреляцию со средней месячной температурой. Аналогичное 
влияние климата на радиальный прирост при средней температуре и сумме осадков в 
августе прошлого года было найдено для нескольких регионов (HI, EK, OP, PK), можно 
сделать вывод, что засуха является ключевым фактором ограничивающим прирост. 
Позитивная корреляции между средней температурной весной (середина марта - начало 
апреля) и приростом диаметра деревьев была значима в некоторых регионах (HI, EK, EP, 
OP, SO). Для анализа различных регионов использовался метода Кроппера. Согластно 
результатам анализа, 1967 и 2000 были наиболее значимыми реперными годами, а 1969 
был отрицательным в пяти регионах. Таким образом погодные условия влияют на рост 
деревьев с юга на север. 
Ключевые слова: корреляционный анализ, кольца прироста, перманентные участки, 
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Figure 1. Location of the sample plots and weather stations in Estonia (Hiiumaa Island (HI) and 
North-East Estonia (NE)) and Finland (Sodankylä (SO), Oulun Pohjanmaa (OP), Pohjois-
Karjala (PK), Etelä-Pohjanmaa (EP) and Etelä-Karjala (EK)). 
 













































Figure 3. Standardized chronologies of Scots pine in different regions in Estonia and Finland. 
 
 
Figure 4. Spatial synchrony of dendrochronological data. Correlations between the 
chronologies decline as a function of geographical distance. This is indicated by the negative 
slope of the trend line and quantified further by Pearson correlation (r). Equations quantify the 





























Figure 5. Correlation coefficient between monthly weather variables (from previous year 


















































Figure 6. Correlations between the mean temperature (w1 – dates 1-15 and w2 – dates 16-31) 





















































Figure 7. Correlations between the precipitation sums (w1 – dates 1-15 and w2 – dates 16-31) 


















































Figure 8. Correlations between the mean temperatures (p1 – dates 1-10, p2 – dates 11-20 and 





















































Figure 9. Correlations between ten-day period precipitation sums (p1 – dates 1-10, p2 – dates 

























Figure 10. Correlations between several weather variables and increment indices. 
 
Table 1. Sample sizes and the final number of trees in the analysis. 
Region Sample size Data in 
analysis 
Plots Trees Trees 
HI 16 120 120 
NE 35 263 263 
EK 100 131 131 
EP 100 121 120 
PK 100 128 128 
OP 100 141 138 





Table 2. Characteristics of the meteorological stations over the period 1960-2005 (calculated 
from daily data temperatures T°C and precipitation mm) used in this study. 



























Kunda NE 59.31 26.32 2 -33.1 7.4 45.8 2245.2 482.2 
Ristna HI 58.55 22.04 7 -28.4 8.2 31.5 2489.3 476.0 
Tampere 
Härmälä 
EP 61.28 23.44 84 -37.0 6.4 32.2 1934.8 477.9 
Tampere 
Pirkkala 
61.25 23.37 119 -35.8 6.7 32.2 2033.8 509.0 
Lappeenranta 
airport 
EK 61.02 28.09 106 -36.8 6.7 33.1 1968.1 521.3 
Punkaharju 61.48 29.19 78 -40.2 6.1 31.6 1845.7 496.7 
Lieksa, 
Lampela 
PK 63.19 30.02 98 -40.8 4.9 32.1 1504.4 535.1 
Ilomantsi, 
kirkonkyla 
62.41 30.57 162 -39.8 4.8 32.0 1426.6 551.9 
Oulun airport OP 64.55 25.21 14 -41.5 5.0 32.8 1531.2 398.5 





Table 3. Description of weather variables used in this study. 
Parameters Desciptions 
t_8 … t_12 previous year monthly mean temperatures from August to December 
t1 … t8 current year monthly mean tempertures from January to August 
p_8 … p_12 previous year monthly sum of precipitation from August to December 
p1 … p8 current year monthly sum of precipitation from January to August 
Tsveg temperature sum of vegetation period (from May to August) 
Tmveg temperatures mean of vegetation period (from May to August) 
Tm mean temperature (°C) 
Tsum annual temperature sum (threshold value 0°C) 
t_8w1,w2…t8w1,w2 half-monthly mean temperature from previous to current year August; from dates 
1-15 as week 1 (w1) and 16-31 as  week 2 (w2) 
p_8w1,w2…p8w1,w2 half-monthly precipitation sum from previous to current year August; from dates 
1-15 as week 1 (w1) and 16-31 as  week 2 (w2) 
t_8p1,p2,p3…t8p1,p2,p3 ten day monthly mean temperature from previous to current year August; from 
dates 1-10 as period 1 (p1), 11-20 as period 2 (p2), 21-31 as period 3 (p3) 
p_8p1,p2,p3…p8p1,p2,p3 half-monthly precipitation sum from previous to current year August; from dates 
1-10 as period 1 (p1), 11-20 as period 2 (p2), 21-31 as period 3 (p3) 
Psum annual precipitation sum 
Psveg precipitation sum of vegetation period (from May to August) 
Pn0 drought period, number of days without precipitation 
Ps10 annual precipitation sum, while precip.≥10 mm 
Pn10 length of high precipitation period 
Ts0 temperature sum, while temp.<0 °C 
Tn0 length of frost period, while temp.<0 °C 
Ts_5 … Ts_20 temperature sum, while temp. ≤ -5 °C;  -10 °C; -20 °C 
Tn_5 … Tn_20 length of frost period, while temp. ≤ -5 °C; -10 °C; -20 °C 
Ts5 … Ts25 temperature sum, while temp.≥ +5 °C; +20 °C; +25 °C 
Tn5 length of vegetation period, while temp.≥+5 °C 
Tm5 mean temperature of vegetation period, while temp.≥+5 °C 
Ts5a temperatures sum I part of veg.period (May-June), while temp.≥+5 °C 
Tn5a length of I veg.period (May-June), while temp.≥+5 °C 
Tm5a mean temperature of I part veg.per (May-June), while temp.≥+5 °C 
Ts5b temperature sum II part of veg.per (July-August), while temp.≥+5 °C 
Tm5b mean temperature of II part of veg.per (July-August), while temp.≥+5 °C 
Tn5b length of II part of veg.per (July-August), while temp.≥+5 °C 
+ positive strong pointer year 
++ positive extreme pointer year 
- negative strong pointer year 





Table 4. Descriptive statistics of raw ring-width series and RGC and EXP chronologies: EK – 
Etelä-Karjala, EP – Etelä-Pohjanmaa, PK – Pohjois-Karjala, OP – Oulun Pohjanmaa, SO – 
Sodankylä, HI –Hiiumaa Island and NE – North-East Estonia. 
  EK EP OP PK SO HI NE 















Length of chronology (years) 215 153 185 266 410 135 220 
Mean tree-ring width, mm (raw 
series) 
1.308 1.197 1.176 1.179 0.985 1.453 1.152 
Standard deviation (SD) 0.388 0.334 0.429 0.335 0.291 0.549 0.431 
Mean sensitivity (MS) 0.146 0.139 0.138 0.127 0.136 0.140 0.143 
Mean first-order autocorrelation 
(AR(1)) 
0.778 0.789 0.769 0.826 0.815 0.824 0.841 
Gleichläufigkeit (Glk), % 61.893 75.463 70.283 71.315 84.944 80.125 72.643 
                
Standardized chronology (EXP)               
Mean index 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Standard deviation (SD) 0.201 0.135 0.131 0.120 0.130 0.140 0.141 
Mean sensitivity (MS) 0.163 0.154 0.141 0.133 0.146 0.154 0.168 
Mean correlation between trees 0.541 0.689 0.759 0.671 0.728 0.476 0.564 
Mean first-order autocorrelation 
(AR(1)) 
0.136 -0.005 0.005 -0.017 -0.116 -0.129 -0.004 
Signal-to-noise ratio (SNR) 9.43 17.72 25.20 16.32 21.41 7.27 10.35 
                
Standardized chronology (RGC)               
Mean index 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Standard deviation (SD) 0.126 0.128 0.149 0.107 0.125 0.114 0.149 
Mean sensitivity (MS) 0.142 0.149 0.147 0.119 0.132 0.141 0.173 
Mean correlation between trees 0.766 0.747 0.768 0.660 0.753 0.445 0.789 
Mean first-order autocorrelation 
(AR(1)) 
-0.130 0.039 -0.050 0.013 -0.101 -0.159 -0.037 
Signal-to-noise ratio (SNR) 26.19 23.62 26.48 15.53 24.39 6.41 29.91 
 
Table 5. Correlation matrix between the RGC and EXP chronologies in each region. 
Regions EK EP OP PK SO HI NE 
Correl. 
coef. 
0.917 0.981 0.963 0.983 0.982 0.868 0.975 
Lower 
limit 
0.853 0.965 0.933 0.969 0.967 0.771 0.955 
Upper 
limit 





Table 6. Correlation matrix between the regions based on the RGC chronologies. * significance 
at 0.05 level. 
Regions EK EP OP PK SO NE 
EK             
EP 0.615*           
OP 0.405* 0.675*         
PK 0.497* 0.492* 0.585*       
SO 0.196 0.396* 0.425* 0.285     
NE 0.292* 0.429* 0.327* 0.368* 0.086   





Table 7. Results of correlation analysis between RGC method and weather variables. Threshold 
value for correlation coefficient 0.3. 
Parameters 
Regions 
HI NE EK EP OP PK So 
Temperature 
t_8 neg   neg     neg pos 
t_8w1         pos     
t_9         pos     
t_9p2   pos     pos     
t_12   neg           
t_12w1   neg           
t_12p3 pos             
t1w1 pos             
t1p1 pos             
t3       pos     pos 
t3w2       pos       
t3p3       pos     pos 
t4       pos       
t4w1 pos     pos       
t4p1       pos pos     
t5w1             pos 
t5p1             pos 
t6w2   pos   pos   pos   
t6p1   pos           
t6p3       pos   pos   
t7             pos 
t7w1             pos 
t7p2             pos 
t8 neg             
t8p3 neg             
Tsveg             pos  
Tmveg             pos  
Tsum       pos pos     
Ts0 pos             
Ts_5 pos     pos       
Tn_5 neg             
Tn_10 neg             
Ts25 neg             
Ts20 neg             
Tn5     neg         
Tn5a     neg         





  HI NE EK EP OP PK SO 
Precipitation 
p_8 pos pos   pos pos pos   
p_8w1   pos   pos pos     
p_8p2 pos             
p_8p3           pos   
p_10p2   neg           
p_12p2 pos   pos pos       
p_12       pos       
p_12w1     pos pos       
p3       pos       
p3p3       pos       
p4     neg         
p4w1 neg             
p4w2     neg         
p4p2     neg         
p4p3             pos 
p5             pos 
p5w1       neg       
p5w2             pos 
p5p1       neg       
p5p3       pos   pos pos 
p7w1             neg 
p7p1             neg 
p8   pos           
p8w1   pos           
p8w2   pos           
p8p1 pos pos           
p8p3   pos           
Psveg pos             
Psum pos             
Ps10 pos             





Table 8. Pointer years in different regions; positive (++) extreme and (+) strong years, negative 
(--) extreme and (-) strong years, respectively. 
Year EK EP OP PK SO HI NE Comments 
1963   - -           EP: low annual temperature sum Tsum=1286°C 
1967 + +   + + +   + + + EK: growing season started in the middle of May 
t5=+7.6°C; OP: vegetaion period started in middle of May 
t5=+6°C; HI: mild winter (t_12…t2) Tm=-2.9°C, high 
amount of precipitation during growing season 
Psveg=264.8 mm; NE: no significant weather event 
recorded in this year 
1975   + + + + +       EP: mild winter (t_12…t2) Tm=-3.03°C, growing season 
started in the end of April t4=+5.1°C; OP: mild winter 
(t_12…t2) Tm=-3.9°C and vegetation period started in the 
beginning of May t5=+8.1°C; PK: annual daily 
Tsum=1841.8°C and rainy previous year August p_8=145 
mm 
1976         + +     SO: no extrem weather events recorded in this year 
1980           + + + HI: no extrem weather events recorded in this year; NE: 
warm winter, vegetation period started in the end of April 
t4=+6.8°C 
1981         -   + + SO: high amount of preciptiation during growing season 
Psveg=290.5 mm; NE: warm winter, growing season 
started in the beginning of May t5=+5.9°C 
1988       + +       PK: previous year August was rainy p_8=140 mm 
1989             + + NE: warm winter (t_12…t2) prior the growing season 
Tm=-0.4°C, vegetation period started in mid April 
t4=+7.5°C 
1990 + +         + + EK: high annual temperature 1989/90, growing season 
started early in April t4=+5.3°C; EP: no extrem weather 
events in this year; NE: warmer winter (t_12…t2) prior 
the growing season Tm=-0.9°C, vegetation period started 
in the end of April t4=+7.6°C 
1992 - -             EK: no weather extremes recorded for this year 
2003 - - -       -   EK: beginning of January was very cold t1=-24.7°C; EP: 
dry and hot previous year August t_8=+17.7°C, 
p_8=28.7mm; HI: previous year dry and hot summer 
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